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ABSTRACT 
 
Since their introduction, antibiotics have significantly contributed to the enormous decline of 
mortality rates from bacterial infectious diseases. However, bacterial resistance and multiple 
resistance to several classes of antimicrobials are emerging problems that globally threaten the 
effectiveness of antimicrobial therapy in human medicine. Furthermore, the overuse and 
inappropriate use of antimicrobial agents in animal husbandry and aquaculture have contributed 
to the development of resistance in human pathogens. In Vietnam, the rapid development of the 
catfish industry has contributed significantly to the national economy but in some instances this 
industry has also contributed to the possible development of antibiotic resistance in bacteria 
associated with catfish production.  
 
This project aimed to determine the extent of antibiotic resistance in catfish commensal isolates 
(E. coli, Pseudomonas and Aeromonas spp.) and human E. coli in Vietnam. Furthermore, 
molecular characterisation of antibiotic resistance (prevalence of class 1 and class 2 integrons, 
gene cassette arrays, plasmid presence, plasmid-mediated quinolone resistance determinants) and 
the roles of integrons in dissemination of resistance genes via horizontal gene transfer of catfish 
and human isolates in Vietnam were conducted. 
 
A total of 365 catfish commensal microflora from environmental sources comprising of 157 E. 
coli, 116 Pseudomonas spp., 92 Aeromonas spp. and 72 human E. coli isolates from clinical 
sources were included in this study. Antibiotic susceptibility testing was conducted on 14 
antimicrobial agents and revealed high levels of resistance to ampicillin (AMP), amoxicillin 
(AMO), tetracycline (TET), trimethoprim/sulfamethoxazole (SXT) and streptomycin (STR) in 
both catfish and human isolates. In addition, the levels of multiple resistance and the values of the 
multiple antibiotic resistance (MAR) index, a useful tool for risk assessment by identifying 
contamination from high-risk environments, indicated that catfish and human E. coli isolates are 
exposed to high risk sources of contamination, where antibiotics are commonly used. 
 
Horizontal gene transfer is facilitated by mobile genetic elements of which integrons, the high 
efficient gene capture and expression systems, are important contributors for multiple resistance 
and antibiotic resistance gene dissemination. In this study, class 1 integrons were detected in 
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72.7% of catfish E. coli, and in 32.8% and 28.3% of catfish Pseudomonas and Aeromonas 
isolates, respectively, but no class 2 integrons were found in catfish isolates. On the contrary, one 
class 2 integron was observed from 72 human E. coli isolates, however, the prevalence of class 1 
integrons was lower at the frequency of 37.5% of this human collection.  
 
PCR amplification of cassette arrays carried by class 1 and class 2 integrons revealed the 
predominance of genes conferring resistance to trimethoprim (dfr genes) and streptomycin (aadA 
genes). Gene cassette arrays of dfrA1-aadA5 and dfrA12-orfF-aadA2 are the most prevalent 
among catfish and human isolates, indicating the possible transmission of antibiotic resistance 
genes via class 1 integrons among commensal flora in the environment. Also, the frequencies of 
untypical class 1 integrons, lacking the normal 3’-conserved segment, were high at 67.1% (57 
isolates out of 85 integron positive catfish isolates) and 37.5% (10 isolates out of 27 integron 
positive human E. coli). 
 
Studies on plasmids contain in catfish and human isolates showed the predominance of large 
plasmids (the sizes > 55kb) in all species tested, from 50% - 70% in catfish Pseudomonas and 
Aeromonas isolates to 90% in catfish and human E. coli. In addition, transmission of class 1 
integrons was demonstrated by transformation and conjugation, confirming their significant roles 
in dissemination of antibiotic resistances.  
 
Quinolones are one of the largest classes of antimicrobials used worldwide and are the first-line 
therapy for invasive diseases caused by Salmonella. In this study, PMQR genes were also 
determined in ciprofloxacin resistant isolates. A total of 15 isolates (34%) contained at least one 
of the two PMQR genes of which aac(6’)-Ib-cr genes were detected in eight E. coli isolates from 
all sources, and qnrS genes were observed in seven catfish isolates only. The prevalence of 
PMQR genes was higher among catfish isolates than human isolates, implying the possible 
reservoirs of PMQR determinants of aquatic environments in Vietnam. 
 
This study provided evidence of the dissemination of antibiotic resistance in bacteria isolated 
from environmental and clinical sources in Vietnam.  
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CHAPTER 1 – LITERATURE REVIEWS 
 
1.1. The development of catfish industry and its significant role in the 
national economy 
 
Catfish culture has been a traditional activity of local inhabitants in the Mekong Delta for mainly 
self-consumption purposes (Nguyen and Dang, 2010). Before 1996, due to limited quantity and 
seasonal dependence of seed stocks, catfish was mainly reared in small ponds with low stock 
density. Fingerlings were caught from the Mekong river with average quantity of approximately 
20 million per year (Cacot et al., 2002). Artificial propagation of catfish species, Pangasius 
bocourti (basa catfish) was firstly developed in 1996 and then adapted for P. hypophthalmus (tra 
catfish, striped catfish). This technique was fully achieved and transferred to hatchery operators 
in 2000, resulted in a dramatic extension of seed production of striped catfish (Phan et al., 2009). 
Almost all Vietnamese catfish (mainly P. hypophthalmus) is cultured in the Mekong Delta 
region. 
 
1.1.1. Success on survival rate from fry to fingerling and seed production 
 
The success of the artificial reproduction technique of catfish, which led to the availability of 
good quality seed stocks, played an important role in the extensive development of catfish culture 
in the Mekong Delta region (Nguyen and Dang, 2010). The survival rates from fry to fingerling 
of striped catfish rose rapidly from 6.9% in 2000 to the highest rate of 35.3% in 2005 (MARD, 
2008). However, in the period of 2006-2008, the quality of seed stock reduced and the survival 
rates from fry to fingerling fluctuated in the range of 16.3%-20.1% (MARD, 2008). This was the 
results of the increase of farming areas along with the high demands of seed production, leading 
to the extension of quantities of hatcheries without quality control of seeds due to the priority of 
benefit. 
 
 
 
 
4 
 
1.1.2. Development of farming area and production 
 
In the Mekong Delta region, since the development of the artificial reproduction techniques for 
catfish species, catfish production exhibited a regular growth. Production increases were slow 
until this technique was completely transferred to hatchery operators in 2000, and then there was 
an explosion of catfish production in this region (Fig. 1.1). The production has grown 12-fold, 
while total farming area increased only three-fold in this period (MARD, 2008; MARD., 2011).  
 
Figure 1.1. The development of catfish farming area and production in the Mekong Delta (1997-
2010). Sources: Ministry of Agriculture and Rural Development (MARD) 2011.                                    
                                                                                       
1.1.3. Catfish culture practices and the development of farming yield 
 
Three main culture practices of striped catfish in the Mekong Delta are pond, cage, and pen 
(Nguyen and Dang, 2010). The development of these types of practices is driven by their 
economic efficiency. At the beginning of the 1960s, cage culture was first introduced in the 
Mekong Delta (Fig. 1.2). Since 2000, another culture practice, pen culture, a fixed enclosure with 
metal or bamboo net built on the river bank, has also developed (Fig. 1.3). However, due to 
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several disadvantages such as low fish growth, high fish mortality rate, and the frequent 
occurrence of disease outbreaks, these two culture practices have been significantly decreased in 
quantities and volumes since 2004 (Nguyen and Dang, 2010). In contrast, pond culture was 
become the main culture practice in this region, due to the need for low infrastructural 
investments, short culture period, and high economic efficiency (Fig. 1.4). The average yield of 
catfish in the Mekong Delta has dramatically increased from 17.5 tons/ha/crop (1.75 
kg.m−2.crop−1) in 1997 into 250-260 tons/ha/crop (25-26 kg.m−2.crop−1) in 2008-2010 (MARD, 
2008; Nguyen and Dang, 2010; MARD., 2011) (Fig. 1.5). 
 
  
Figure 1.2. Catfish cage culture in the Mekong Delta region 
 
 
Figure 1.3. Catfish pen culture (net pen and bamboo pen) in the Mekong Delta region  
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2010 (MARD, 2008; VASEP., 2011). In contrast to the development of export value and volume, 
the average export price was decreased constantly from the peak of 3.76 USD/kg in 2000 to the 
lowest value of 2.14 USD/kg in 2009 (MARD, 2008; VASEP., 2011). In 2010, average export 
price showed a little recovery to 2.35 USD/kg (VASEP., 2011).  
 
Figure 1.6. Vietnamese Catfish exports: volumes, values, and prices (2000-2010). Source: 
Vietnamese Association of Seafood Export and Processing (VASEP), 2011. 
 
1.1.5. Roles of the fishery sector and catfish industry in the national economy 
 
In general, the fishery sector is an important source of income, employment and food supply in 
Vietnam (FAO, 2010). Its contribution to the national economy of Vietnam is obviously 
considerable. Seafood export attained the value of over USD 6.1 billion accounted for 
approximately 6.5% of the whole country export value in 2011 (GSO., 2012). Fishery production 
consists of two components: aquaculture and capture fisheries production. Aquaculture has 
overtaken capture fisheries to become the most important contributor in the fishery sector since 
2007 (GSO., 2011b). Aquaculture production of the Mekong Delta has contributed more than 
70% of whole country total production, in which catfish (fresh water) and black tiger shrimp 
(brackish water) are the two most important commercial species (GSO., 2011a). The Mekong 
Delta is considered as the main catfish culture region of the country, in which Can Tho, An 
Giang, Dong Thap, Vinh Long and Ben Tre are the five provinces that provided more than 90% 
of the total catfish production of this region (MARD, 2008). Catfish export has impressively 
developed in the last ten year to reach the export volume of  660,000 tons and USD 1.805 billion 
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in value in 2011 (GSO., 2012). In addition, the catfish industry provided more than 150,000 
livelihoods, mostly for women, in the processing sector, and employments in seed production, 
culture and service sectors in the Mekong Delta (Nguyen and Dang, 2010). With the extension of 
export markets to over 130 countries worldwide, a promising prospect is expected for the 
development of catfish industry in this region. 
 
1.2. Catfish diseases and antibiotic used problems 
 
Catfish production achieved many successes from the last decade, however, its explosive 
development has been troubled by many obstacles and challenges including  problems on 
diseases and seed quality, environmental sustainability,  export-import trading barriers,  and other 
global and regional socioeconomic problems of which disease issue was one of the most 
concerned problems (Le and Cheong, 2010). 
 
In recent years, catfish epidemic diseases have occurred  in many provinces in the Mekong Delta 
region. Disease treatments and prevention have confronted various difficulties due to high 
stocking density of fish, expeditious occurrence and extensive spread of the diseases (MARD, 
2008). The common symptoms and/or diseases are bacillary necrosis of Pangasius spp. (BNP or 
Edwardsiellosis), haemorrhagic diseases (Aeromonas hydrophila and opportunistic pathogens 
Pseudomonas spp.) and parasites (Phan et al., 2009). Some other symptoms described as spot 
disease, white gills, stinking tail, yellow skin and flesh were less common. BNP was identified as 
the most common disease of catfish in the Mekong Delta, which can cause mortality up to 50–
90% and significant economic loss (Crumlish et al., 2002; Tu et al., 2008; Phan et al., 2009).  
 
Health management on catfish farms generally includes chemical and antibiotic treatment, feed 
additive supplementation (vitamin C, beta-Glucan) and regular water exchange (Phan et al., 
2009). Responsible use of antibiotics in the Vietnamese catfish industry is of great concern due to 
food safety and strict import regulations. Antibiotics used for infectious disease treatment remain 
as residues in fish flesh. In Vietnam, the list of banned and limited use of antibiotics in 
aquaculture is updated regularly by Ministry of Agriculture and Rural Development (MARD) to 
comply with food safety standards of importing markets (MARD, 2009). A survey on the 
chemicals, antibiotics and probiotics uses in catfish and shrimp culture in Mekong Delta was 
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conducted by Nguyen and members of the Department of Aquatic Pathology-Faculty of 
Fisheries-Nong Lam University in 2008 (unpublished data). Based on the information obtained 
from this survey, a panel of 14 antibiotics which belonged to eight different families was 
included in this study. 
 
1.3. Commensal bacteria from aquatic animals  
 
Bacterial commensal flora of healthy fish are varied and reflective the aquatic environment from 
which the fish is taken (Geldreich and Clarke, 1966; Nieto et al., 1984; Cahill, 1990; Jay et al., 
2005). The inner tissues of a healthy fish are normally sterile. The bacterial commensal flora are 
generally found in three places: the outer slime, gills, and the intestines of the fish (Shewan and 
Georgala, 1957; Jay et al., 2005). The common bacteria micro-flora founded in fresh water fish 
were Aeromonas spp., Pseudomonas spp., Enterobacteriaceae (Allen et al., 1983; Nieto et al., 
1984).  
 
Bacterial flora of fish skin showed the predominance of Pseudomonas, Vibrio (marine and 
brackish water), Micrococcus (marine) and less common such as Aeromonas, 
Enterobacteriaceae, Bacillus (Cahill, 1990). The mucus of fish skin is composed of many 
ingredients in which lysozyme, lectins and immunoglobulin are recognised as fish defense 
against bacteria (Shephard, 1994). Therefore, true commensal bacteria on fish skin must be 
resistant to such mechanisms. However, whether bacteria isolated from fish skin are true 
commensal micro-flora, or are less closely associated with the surface, is controversial (Cahill, 
1990). A wide range of bacteria were isolated from fish gills of which the most common bacteria 
were Gram negative rods with the predominance of Pseudomonas spp. and Aeromonas spp. 
(Trust, 1975). In general, the density of fish intestinal bacteria was high, however, the component 
micro-flora are simpler than those in surrounding water in both cultured and wild fresh water fish 
(Cahill, 1990; Sugita et al., 1996). Facultative anaerobic Gram negative rods are predominant 
while strict anaerobic are also found (Cahill, 1990). The fresh water intestinal micro-flora mostly 
consisted of Enterobacteriaceae, Aeromonas spp., Pseudomonas spp. (Geldreich and Clarke, 
1966; Nieto et al., 1984; Sugita et al., 1988; Cahill, 1990; Sugita et al., 1991; Sugita et al., 1996; 
Hänninen et al., 1997). 
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Publications on bacterial flora of catfish are limited. MacPhearson et al. (1991), in a study of 
antibiotic resistance of Gram negative bacteria isolated either from cultured catfish or from water 
and sediment of aquaculture ponds and rivers of the South Eastern United States, found that 
Plesiomonas shigelloides and Aeromonas hydrophila were the predominant species in all sample 
types and sources. Various Enterobacteriaceae (E. coli, Enterobacter spp., Citrobacter spp.) and 
Pseudomonads were also present but in lower numbers (McPhearson et al., 1991). The bacterial 
flora in intestine of channel catfish were also examined (Santucci, 1990). The predominant 
micro-flora consisted of Aeromonas spp., Clostridium spp., and Enterobacteraceae. In addition, 
Aeromonas spp. was also commonly found in indoor catfish farms in the Netherlands (Penders 
and Stobberingh, 2008). Other studies of catfish bacteria conducted in the United States also 
reported the predominance of P. shigelloides, A. hydrophila, and Enterobacteriaceae (E. coli, 
Klebsiella spp., Citrobacter spp.) (DePaola et al., 1995; DePaola and Roberts, 1995). Study on 
catfish commensal bacteria in Vietnam was only published by our group in which the micro-flora 
consisted mainly members of the Enterobacteriaceae (49.1%), Pseudomonads (35.2%) and 
Vibrionaceae (15.7%) (Sarter et al., 2007). Other studies on antibiotic resistant bacteria isolated 
from Vietnamese catfish in the Mekong Delta indicated that the most common bacteria in catfish 
intestines and gills were Enterobacteriaceae (E. coli, Enterobacter spp.), Pseudomonas spp., and 
Aeromonas spp. (unpublished data).  
 
In conclusion, commensal flora of catfish should be isolated from the two main parts of the fish 
including gills and intestines. The main composition of catfish micro-flora are members of 
Enterobacteriaceae (especially E. coli), Pseudomonads and Aeromonads families. 
 
1.4. Antibiotics and emergence of resistance 
 
1.4.1. Discovery of antimicrobial agents and development of antimicrobial 
chemotherapy 
 
Antimicrobial agents are compounds that are able to kill or inhibit the growth of microorganism 
(Lee et al., 2009). Antibiotics can be natural, semi-synthetic or synthetic molecules that stop 
bacteria or fungi from growing (bacteriostatic agents) or kill them (bactericidal agents) (Walsh, 
2003). Their name derived from the Greek words of which anti, meaning “against”, micros 
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meaning “little” and bios, meaning “life”. Strictly, the terms antimicrobials and antibiotics are not 
interchangeable, “antibiotic” only refers to natural compounds of microbial origin (Waksman, 
1947; Lee et al., 2009). However, in practical contexts, these terms are used interchangeably (Lee 
et al., 2009). 
 
For centuries, infectious diseases have been a major challenge for scientists to search of 
successful treatments. In 1400s, heavy metals such as mercury and bismuth were examined as 
antibacterial (Shlaes, 2010). However, their toxicities have militated against their wide 
applications. In 1907, Paul Ehrlich and his co-workers discovered “Salvarsan” or 606, an arsenic 
derivative, which was effective against syphilis (Thorburn, 1983). Although, its use was limited 
due to the toxicity of arsenic, Ehrlich was credited as the founder of modern era of chemotherapy 
by virtue of opening a new approach to infectious disease treatment (Rubin, 2007). The search 
for more effective and less toxic antibacterial agents has continued with another milestone in 
1935 when Domagk proclaimed “Protosil” as an effective antibacterial agent against  pathogenic 
Streptococcus spp. (Rubin, 2007). This synthetic sulfonamide-containing dye, hence sulfa drugs, 
has begun a new age for antimicrobial chemotherapy. Another notable achievement was the 
discovery of penicillin by Sir Alexander Fleming in 1929, which was acknowledged as one of the 
most important discoveries in the annals of medical history. In August 1928, Alexander Fleming 
noticed an unusual phenomenon, a colony of mould has inhibited the growth of staphylococci 
culture (Rubin, 2007; Lee et al., 2009). Fleming tried to study the properties of this unknown 
substance, which he called “penicillin” because the mould belonged to the genus Penicillium. He 
firstly published his findings in 1929 but received less interest from medical communities (Rubin, 
2007). Fortunately, his paper was followed up by Howard Florey and Ernst Chain from Oxford, 
who later successfully purified and produced large quantities of penicillin (Lee et al., 2009). 
Their publication in 1940 in The Lancet described the production, purification of penicillin and 
its antibacterial action in animals pretreated with Streptococcus pyogenes and Staphylococcus 
aureus (Rubin, 2007). The miracles of penicillin was demonstrated in World War II and became 
the most effective therapeutic agent to combat infectious diseases in this period of time.  
 
The foundation of Paul Ehrlich’s researches, the discoveries of penicillin and sulfonamides have 
occupied  hallowed positions in the annals of science, especially for the modern antimicrobial  
chemotherapy. 
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1.4.2. Major classes of antibiotics and mode of actions 
 
The major antimicrobial drugs can be categorised into classes based on their validated targets in 
bacteria (Walsh, 2003). Four major targets in bacteria have been recognised depended upon the 
knowledge of mechanisms of antibiotic action including cell wall biosynthesis, protein 
biosynthesis, DNA replication/repair and folate coenzyme biosynthesis (Fig. 1.7). 
 
Figure 1.7. Major targets for antibacterial action (Walsh, 2003). 
 
The major classes of antibiotics are cell wall biosynthesis inhibitors such as β-lactam antibiotics 
(penicillin: AMP, AMO) by blocking the crucial transpeptidations; protein synthesis inhibitors 
including tetracyclines (TET, DOX), aminoglycosides (GEN, NEO, STR, KAN) that block the 
processes at the 30S ribosome or chloramphenicol (CHL) attacking peptidyltransferase centre at 
the 50S ribosome; DNA and RNA biosynthesis inhibitors such as quinolones (NAL, CIP, NOR) 
that attack DNA gyrases or topoisomerases; and inhibition of DNA/RNA precursor synthesis 
such as SUL, TMP that block two different steps in the biochemistry of folic acid coenzyme 
(Walsh, 2003; Lee et al., 2009). In addition, NIT may inhibit DNA/RNA or protein synthesis 
(McOsker and Fitzpatrick, 1994) and colistin, a polymyxin, may interact with the outer 
membrane of Gram negative bacteria (Li et al., 2005).   
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1.4.3. Antibiotics: their usage and resistance problems  
 
1.4.3.1. Antibiotic use for human therapy and the problem of raising resistance 
   
With the discovery of antibiotics, many fatal diseases have been successfully treated, especially 
for bacterial infections such as meningitis, tuberculosis, typhoid fever, cholera (Lee et al., 2009). 
However, the data on antibiotic use are not publicly available even in European Union (EU) 
countries (Cars et al., 2001) or the US (Jacob and Gaynes, 2010). Surveys of antibiotic uses for 
human therapy and the association between their uses and the rates of antibiotic resistance may 
provide better strategies to control antibiotic resistance and improve the effectiveness of drugs. A 
survey of non-hospital antibiotic sales was conducted in the 15 member states of the EU in the 
period of 1993-1997 (Cars et al., 2001). The results of this survey exhibited that in the EU, 
antibiotics widely used in human therapy were penicillins, macrolides, cephalosporins, 
tetracyclines, and quinolones. France is the country of highest use of antibiotics in contrast to the 
Netherlands, the lowest use. The recent large survey in 26 countries in the EU found that France 
and Netherlands were still the countries of highest and lowest use of antibiotics for outpatient 
treatments during 1997-2002 (Goossens et al., 2005). Penicillins, macrolides, tetracyclines, 
cephalosporins and quinolones were still widely used in the EU. Noteworthy, a correlation 
between antibiotic resistance and outpatient antibiotic use in Europe was observed. Another 
survey in France also displayed the wide uses of macrolides, fluoroquinolones, nitrofurans, 
tetracyclines and trimethoprim/sulfamethoxazole in human medicine from 1999-2005, especially, 
the β-lactams which made up more than 50% of the total human medicine consumption (Moulin 
et al., 2008). This survey found the consumption levels by outpatients accounted for 88% of the 
total human consumption in France. These surveys assisted these EU countries to implement the 
strategies for optimum antibiotic use and address the threat of resistance. For instance, because it 
was considered as the country of highest use of antibiotics, as well as having the highest rate of 
beta-lactam resistance in S. pneumoniae in the EU, the French government initiated a campaign 
‘‘Keep antibiotics working’’ in 2001 (Sabuncu et al., 2009). The results displayed the associated 
marked reduction of unnecessary antibiotic prescriptions, particularly in children. In addition, a 
decreasing trend was observed in the rate of pneumococci resistant to penicillin (47% to 32% of 
isolates) and to macrolides (49% to 36%). In the US, no publicly available data on the use of 
antibiotics was reported (FDA, 2009a). However, some recent publications indicated the 
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reduction in use of antibiotics for instance in children, implying the more judicious usage of 
antimicrobials in prescribing in this country (Finkelstein et al., 2003; Grijalva et al., 2009). In 
addition, a large survey on 35,790 Gram-negative bacilli collected during 1994-2000 from 
intensive care unit patients of 43 states notably observed that the increasing incidence of 
ciprofloxacin resistance has coincidently occurred with increased use of fluoroquinolones 
(Neuhauser et al., 2003). In general, the miracle of antibiotics is threatened due to outbreaks of 
global antibiotic resistance, of which antibiotic use is recognised as the driving forces of 
increasing resistance (Goossens et al., 2005). In addition, data on the use of antibiotics in human 
therapy are often unavailable even in developed countries. Surveys of antibiotic uses and the 
association between their uses and the rates of antibiotic resistance may provide better strategies 
to control antibiotic resistance.  
 
1.4.3.2. Antibiotic use in food animals and the development of resistance 
 
Antimicrobials were intensively used in animal husbandry and aquaculture for the purposes of 
disease treatment, prevention and growth promotion (Serrano, 2005; Marshall and Levy, 2011). 
In addition, various antimicrobials used in human medicine are also used for food animals e.g. 
tetracyclines, β-lactams, aminoglycosides, macrolides  (Khachatourians, 1998; Heuer et al., 2009; 
Marshall and Levy, 2011). Antimicrobials have been used as growth promoters since 1950s due 
to obviously positive effects on improving the efficiency of nutrient use (Stokstad and Jukes, 
1950; Marshall and Levy, 2011). However, the emergence of resistant bacteria in association 
with this use or other nontherapeutic uses was increasingly reported (Khachatourians, 1998; 
Schwarz and Chaslus-Dancla, 2001; Wegener, 2003; Serrano, 2005; Marshall and Levy, 2011).  
 
Although intensive use of antimicrobials in food-producing animals induced the development of 
resistance, publicly available data on antibiotic use in this sector was rarely reported in most 
countries worldwide (Marshall and Levy, 2011). In Europe, where the control of antibiotic uses 
in food animals is strictly regulated, data of veterinary medicine use was more readily available. 
In France, during the period 1999-2005, the annual weight of antimicrobial sold in veterinary 
medicine was approximately 1,300 tons of which trimethoprim/sulfamethoxazole, tetracyclines, 
β-lactams, and aminoglycosides constituted more than 80% of the total consumption  (Moulin et 
al., 2008). In 1997, data from the European Federation for Animal Health showed that in Europe, 
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antibiotics used for animal health (33%) or growth promotion (15%) accounted for nearly half of 
the total sale volumes of antibiotics (Schwarz and Chaslus-Dancla, 2001; Schwarz et al., 2001; 
Teuber, 2001). Among antibiotics used  for non-human purposes, tetracyclines, account for 
almost two-thirds of all antimicrobials used in veterinary medicine, macrolides, penicillins, 
aminoglycosides, the combination of sulphonamides and trimethoprim, and fluoroquinolones 
were frequently used in this region. However, in 1999, only 35% of total antibiotic sale were 
used for veterinary medicine and the volume of antibiotic used as growth promoters was reduced 
more than two times (Serrano, 2005; Wassenaar, 2005). Since 2006, the European Union has 
banned the use of antibiotics for growth promotion purposes in animal feeds (Soulsby, 2007). An 
estimate of antibiotics used for veterinary medicines in the European Union in 2007 revealed the 
total volume of 5,400 tons (Kools et al., 2008). In the US, non-therapeutic antimicrobial uses 
were estimated of eight times greater than the quantity of therapeutic use (Mellon, 2001; FDA, 
2009b; Marshall and Levy, 2011). The volume of antibiotics for growth promotion purposes in 
veterinary medicine in the US has been reduced from 13.5% in 1999 to 8% in 2003 (Wassenaar, 
2005). Antimicrobial drugs that were widely used in the US for food producing animals included 
tetracyclines, macrolides, penicillins, sulfonamides and aminoglycosides and the total volume of 
antibiotic use was approximately 15,300 tons in 2009 (FDA, 2009b). In aquaculture, the use of 
antibiotics was extended two times during 1994-2004 (Cabello, 2006; Heuer et al., 2009; 
Marshall and Levy, 2011). Publicly available data on antibiotic use in this sector was rarely 
reported. In the US, according to the national aquaculture association (2003), approximately 32 
tons of antibiotics are sold per year for use in the domestic aquaculture industry (NAA, 2003). 
Oxytetracycline and sulfadimethoxine/ ormetoprim are antibiotics approved for use to treat 
diseases but are not allowed to use as growth promoter or prophylaxis. In several aquaculture 
producers, almost all in Asian countries which accounted for about 90% of world aquaculture 
production (FAO, 2010), data on the volume of antibiotic used were mostly absent. However, a 
wide range of antibiotics are used such as tetracyclines, trimethoprim/sulfamethoxazole, β-
lactams, aminoglycosides (Serrano, 2005). Non-therapeutic use of antibiotics in this sector was 
frequently reported (Serrano, 2005; Cabello, 2006; Heuer et al., 2009).  
 
In general, antibiotics were intensively used in animal husbandry and aquaculture for therapy, 
prophylaxis and growth promotion that induced selective pressures generating reservoirs of 
resistant bacteria. The volumes of antibiotics used for non-human purposes were accounted for 
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almost half of total antibiotic consumption. Various antimicrobials used in human medicine are 
also used for food animals even for nontherapeutic use. Resistance genes can be transferred 
among other commensal bacteria and pathogens in the aquatic environments or in food producing 
animals (Khachatourians, 1998; Wegener, 2003; Cabello, 2006; Heuer et al., 2009; Marshall and 
Levy, 2011). The evidences of exchange of resistance determinants between aquatic and 
terrestrial environments including commensal bacteria of animals and humans were observed 
(Cabello, 2006; Heuer et al., 2009). Spread of resistance may occur via direct contact with fish or 
animals or indirect through food chain (Heuer et al., 2009; Marshall and Levy, 2011) (Fig. 1.8). 
Resistance genes were transferred to human pathogens via horizontal gene transfer or in some 
cases resistant aquatic or food animal bacteria may be human pathogens that directly affect 
humans (Marshall and Levy, 2011).Therefore, the emergence of antibiotic resistant bacteria in 
food producing animals as well as human commensal flora and pathogens was frequently 
reported (Khachatourians, 1998; Schwarz and Chaslus-Dancla, 2001; Teuber, 2001; Wegener, 
2003; Wassenaar, 2005; Cabello, 2006; Heuer et al., 2009; Marshall and Levy, 2011). 
 
 
Figure 1.8. Dissemination of antibiotics and antibiotic resistance within agriculture, community, 
hospital, wastewater treatment, and associated environments (Davies and Davies, 2010). 
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1.5. Mechanisms of antibiotic resistance 
 
Resistance to antibiotics can be categorised into three major mechanisms: (i) destruction of the 
antibiotics by bacterial enzymes (e.g. β-lactamases destroy a wide variety of β-lactam antibiotics 
or modifying enzymes inactivate chloramphenicol, aminoglycosides), (ii) modification of 
antibiotic targets (e.g. modification in gyrase or topoisomerase IV of quinolone resistance or 
target modification of vancomycin resistant enterococci) and (iii)  reduction of cell permeability 
or expulsion of the antibiotics by specific or non-specific efflux pumps systems (e.g. intrinsic 
resistance of Pseudomonas aeruginosa) (Li et al., 1994; Cetinkaya et al., 2000; Levy and 
Marshall, 2004; Mitscher, 2005; Walsh and Wright, 2005) (Fig. 1.9) (Table 1.1).  
 
 
Figure 1.9. Mechanisms of antibiotic resistance in bacteria (Levy and Marshall, 2004) 
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Antibiotic resistance in bacteria may be intrinsic or acquired. Some bacteria are intrinsically or 
naturally resistant to certain antibiotics such as anaerobic bacteria to aminoglycosides, or Gram 
negative bacilli, especially Pseudomonas aeruginosa to β-lactam antibiotics due to outer-
membrane permeability barrier or efflux pumps (Li et al., 1994; Barbosa and Levy, 2000; Poole, 
2001). Although antibiotic resistance is most commonly associated with acquisition of resistance, 
intrinsic mechanisms such as efflux pump systems are now recognised as the major contributors 
to multiple resistance in bacteria (Alekshun and Levy, 2007). Acquired resistance can be 
achieved via two mechanisms: by mutations in the bacterial genome of the organism or by 
acquisition of new DNAs from another bacterium through the horizontal gene transfer (Poole, 
2001; Levy and Marshall, 2004; Andersson and Hughes, 2010) (Fig. 1.10).  
 
 
Figure 1.10. Mechanisms of resistance acquisition (Levy and Marshall, 2004). 
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Spontaneous mutations occur in bacteria at low frequency of 10-9 or less or about 10−10 per base 
pair replicated (Davies, 1994; Khachatourians, 1998; Chopra et al., 2003). Mutation rates affect 
the efficacy of antimicrobial treatments (Gerrish and García-Lerma, 2003). Mutation also plays a 
significant role in the evolution of antibiotic resistance in bacteria by selecting for existing 
resistance determinants or altering drug targets that reduced antibiotic affinities (Chopra et al., 
2003). Mutation is recognised as common mechanisms of resistance to synthetic antibiotics due 
to the lack of natural reservoirs of resistance genes (Woodford and Ellington, 2007).  
 
In contrast to the low frequency of mutation, acquisition of new DNAs from another bacterium 
through the horizontal gene transfer is the most rapid and most common mechanism for the 
occurrence of resistance (Barlow, 2009). Horizontal transfer is an effective mechanism for 
disseminating antimicrobial (mostly natural antimicrobial derivatives) resistance among bacterial 
populations due to the availability of reservoirs of resistance genes in the environments. Most 
bacteria often acquire resistance through horizontal gene transfer from an exogenous sources than 
through gene mutation (Davies, 1994; Rowe-Magnus and Mazel, 1999). 
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Table 1.1. Modes of action and mechanisms of resistance of commonly used antibiotics (Davies and Davies, 2010). 
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1.6. Emergence of multiple resistant bacteria 
 
The extensive use of antibiotics in human therapy, as well as in animal husbandry and  
aquaculture has resulted in the development of bacteria resistant to multiple antibiotics. Bacterial 
multiple antibiotic resistance can be attained through the two major mechanisms including 
accumulation of multiple antibiotic resistance genes (acquired mechanism) or increasing 
expression of multidrug efflux pumps (intrinsic mechanism) (Alekshun and Levy, 2007; Nikaido, 
2009). Acquired mechanisms involve multiple mutations, mostly in genes targeted by the 
antibiotics, and the transfer of several resistance genes via plasmids, bacteriophages, transposons, 
and integrons through horizontal gene transfer (Alekshun and Levy, 2007). Mutations play an 
important role in the emergence of antibiotic resistance not only in acquired mechanisms by 
altering the targets of antibiotics (Fig. 1.11.) (such as quinolone resistance) but also in intrinsic 
mechanisms by decreasing the uptake of drug through outer membrane (such as polymyxin 
resistance) (Alekshun and Levy, 2007). However, the dissemination of antibiotic resistance genes 
through horizontal genetic elements such as plasmids, transposons and integrons was likely 
recognised as the most common mechanisms of multidrug resistance occurring in the 
environments (Davies, 1994; de la Cruz and Davies, 2000; White et al., 2001; Alekshun and 
Levy, 2007). Another mechanism, multidrug efflux pumps (as intrinsic mechanism) is now 
recognised as major contributor for multiple antibiotic resistance in bacteria  (Alekshun and 
Levy, 2007; Higgins, 2007; Nikaido, 2009). The incidences of multiple antibiotic resistance is 
prevalent among Gram negative and positive bacteria or clinically important isolates worldwide 
(White et al., 2001; Alekshun and Levy, 2007). Multidrug resistant bacteria persist and can 
become widespread throughout the world, compromising the treatments of critical infections 
(Alekshun and Levy, 2007; Nikaido, 2009).  
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Figure 1.11. Chromosomal mutations in bacteria may mediate changes to the targets of antibiotic 
(AB) action, rendering them incapable of binding with (and therefore resistant to) the antibiotic. 
Targets include antibiotic-binding proteins, ribosomes, RNA polymerase and DNA gyrase 
(Khachatourians, 1998). 
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1.7. Horizontal gene transfer  
 
Horizontal gene transfer (HGT) plays a significant role in the dissemination of antibiotic 
resistance genes (Davies, 1994; de la Cruz and Davies, 2000). Genetic exchanges occur in 
various ways, including transformation, transduction and conjugation. Transformation was the 
first mechanism of HGT to be discovered (Griffith, 1928; Frost et al., 2005). Transformation 
involves the acquisition of naked DNA from the extracellular environment of bacterial 
competence cells and has the potential to transmit DNA between distantly related organisms 
(Mazodier and Davies, 1991; Ochman et al., 2000). Conjugation is considered as the most 
common mechanism of HGT for genetic exchange (Walker, 1996; Mazel and Davies, 1999). 
Conjugation involves physical contact between donors and recipient cells, mating-pair formation 
and DNA exchange via a protein complex (conjugative pilus) (Sorensen et al., 2005). 
Conjugation can effectively move plasmids to other cells, transfer large arrays of resistance genes 
for most classes of antibiotics and can occur even between distantly related bacteria (Mazodier 
and Davies, 1991; Frost et al., 2005; Sorensen et al., 2005). Transduction was the most limited 
study among the three mechanisms of HGT (Sander and Schmieger, 2001). Transduction 
involves independently replicating bacterial viruses called bacteriophages (or phages) which can 
package DNA fragments in their capsids and inject this DNA into new host cells (Frost et al., 
2005). Although transduction does not require the simultaneous presence of donors and recipients 
and bacteriophages are prevalent in the environments, the bacterial host range of phages, which is 
determined by the specificity of interaction between phages and bacterial receptor sites, is 
markedly limited (Mazodier and Davies, 1991; Ochman et al., 2000). In addition, no broad-host 
range bacteriophages have been described, therefore, transduction may only be important for 
genetic exchanges between closely related species (Mazodier and Davies, 1991). Mobile genetic 
elements involved in horizontal transfer of antibiotic resistance genes includes: plasmids, 
transposons, bacteriophages, integrons (Fig. 1.12). 
 
24 
 
 
Figure 1.12. Horizontal transfer of antibiotic resistance genes (mobile gene cassettes) (Frost et 
al., 2005).  
 
1.8. Mobile genetic elements involved in horizontal transfer of antibiotic 
resistance genes 
 
1.8.1. Plasmids 
 
Plasmids are extra-chromosomal DNA fragments, usually covalently circular double-stranded 
DNAs, which can autonomously replicate in a host cell (Frost et al., 2005). Plasmids do not often 
contain genes required for essential cellular functions. Plasmids are recognised as the key 
vehicles of horizontal gene transfer and essential vectors in genetic engineering (Smillie et al., 
2010). Plasmids contain several antibiotic resistance genes and are capable of effective transfer, 
in both conjugation or transformation mechanisms, among distantly related organisms (Mazodier 
and Davies, 1991; Frost et al., 2005; Nikaido, 2009; Smillie et al., 2010). Plasmids often carry 
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conjugative or transfer (tra) genes that can establish a stable mating pair and trigger DNA 
transport, therefore, plasmid conjugation can be effectively occurred at high frequency and 
between distantly related bacteria (Mazodier and Davies, 1991; Frost et al., 2005). Plasmids 
contain genes encoding resistance to several classes of antibiotics such as β-lactams, macrolides, 
aminoglycosides, tetracyclines, trimethoprim/sulfamethoxazole, phenicols and thus are mainly 
responsible for multiple resistance phenomena (Nikaido, 2009). In addition, plasmids are vehicles 
for transfer of other mobile genetic elements such as transposons or insertion sequences, 
integrons/gene cassettes (Mahillon and Chandler, 1998; Cambray et al., 2010). Recently, 
transmissions of quinolone and fluoroquinolone resistance mediated to transferable plasmids 
have been increasingly reported and are of great concerns worldwide (Martínez-Martínez et al., 
1998; Cattoir and Nordmann, 2009; Strahilevitz et al., 2009). In general, plasmids play as major 
driving forces for the horizontal dissemination of antibiotic resistance genes. 
 
1.8.2. Transposons  
 
Transposons are complex transposable elements, which were defined as specific DNA fragments 
that can repeatedly insert into one or more sites in one or more genomes (Campbell et al., 1979; 
Roberts et al., 2008). The structure of transposons may contain two copies of insertion sequences 
and additional non-insertion function genes (Campbell et al., 1979). Transposons, unlike 
plasmids, are not capable of self-replication and therefore to be maintained, they must integrate 
into plasmids or chromosomal DNAs in the cell (Schwarz and Chaslus-Dancla, 2001). 
Transposons usually have no target specificity, and therefore can excise and integrate into 
chromosomal DNAs (intracellular transposition) or conjugative plasmids (intercellular 
transposition) (Salyers et al., 1995; Schwarz and Chaslus-Dancla, 2001). Transposons can carry 
antibiotic resistance genes and possess mobilising capability, therefore they play a role in 
disseminating antibiotic resistance genes (Schwarz and Chaslus-Dancla, 2001; Frost et al., 2005).  
 
1.8.3. Insertion sequences 
 
Insertion sequences (ISs) are small (often < 2.5 kb) segments of DNA capable of inserting at 
multiple sites in a target molecule (Mahillon and Chandler, 1998). Insertion sequence, sometimes 
known as the smallest transposon, carries only the gene encoding a transposase, which is 
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responsible for the movement of the element, and two terminal inverted repeats (IRs) (Mahillon 
and Chandler, 1998; Schwarz and Chaslus-Dancla, 2001). ISs play an important role in 
disseminating resistance genes and in promoting gene acquisition (Mahillon and Chandler, 1998). 
 
1.8.4. Integrons  
 
Integrons are genetic elements that function as gene capture and expression systems that 
incorporate open reading frames (orf) and convert them into functional genes (Cambray et al., 
2010). The structure of integrons are constituted of a functional platform, which comprised 
principle components required for the system operation, and a variable region of several gene 
cassette mostly encoding for antibiotic resistance (Fig. 1.13). The functional platform of 
integrons provides (i) a site specific tyrosine recombinase (IntI gene), (ii) a primary integration 
site (attI) and (iii) a promoter (Pc). The fundamental component of integron functional platform 
is the IntI gene, which catalyses the specific excision and orientation specific integration of 
discrete gene cassettes (Stokes and Hall, 1989). The integration of gene cassette occurs at specific 
locus, known as primary integration site, (attI) (Collis et al., 1993). A large number of gene 
cassettes are promoter-less, however, the expression of these genes is conditioned by Pc 
(formerly Pant) promoter (Partridge et al., 2009). Integrons are not themselves mobile elements 
but are associated to mobile genetic elements (transposons or conjugative plasmids) enabling 
efficient transmission between intra- or interspecies (mobile integrons) (Davies and Davies, 
2010). The variable region of cassette array is associated beyond the functional platform 
(Cambray et al., 2010). Gene cassette usually contains only a promoter-less single gene and a 
recombination site (attC) (formerly 59-base elements) that is specifically recognised by IntI gene. 
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Figure 1.13. General structure of integrons and the integration of gene cassettes (Cambray et al., 
2010). 
 
1.8.4.1. Classes of integrons 
 
Integrons are strongly associated with mobile genetic elements such as conjugative plasmids, 
transposons (termed mobile integrons or MIs), however, the discoveries of chromosomal 
integrons (CIs or super-integrons) in the genomes of hundreds of bacterial species have been 
required more studies on the roles of these elements contributed to host cells (Cambray et al., 
2010). CIs may be sources of MIs backbones and their gene cassettes but are usually not involved 
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in resistance phenotypes. This study focused only on MIs. To date, five different classes of MIs 
have been identified based on the sequence of the encoded integrases, which showed 40%–58% 
identity. 
 
1.8.4.1.1. Class 1 integrons 
 
Class 1 integrons were first described by Stokes and Hall in 1989. To date, they still remain the 
most prevalent and extensively characterised class of integrons. Almost all known antibiotic 
resistance gene cassettes can be found within this class (Partridge et al., 2009). Generally, class 1 
integrons are composed of two conserved segments (5’-CS and 3’-CS), which are separated by a 
variable region containing one or more gene cassettes (Rodríguez et al., 2006) (Fig. 1.14). The 
5’-CS region, the functional platform, contains the integrase gene (intI1), the integration site 
(attI1) and a promoter (Pc) region that allows expression of gene cassettes inserted at the attI1 
site in a appropriate orientation. The 3’-CS region of class 1 integrons is comprised of a qacEΔ1 
gene (confers resistance to quaternary ammonium compounds), a sul1 gene (confers resistance to 
sulphonamides) and two open reading frames (orf5 and orf6) of unknown function (Partridge et 
al., 2009).   
 
 
 
Figure 1.14. Structure of class 1 integrons (adapted from Bennett, 1999). 
5’-conserved Inserted cassette 3’-conserved segment 
Pc
Pc 
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However, class 1 integrons lacking the 3’-CS were reported, termed as untypical class 1 integrons 
in this study. For instance, the class 1 integron found in Tn402, which contains a complete qacE 
gene cassette, but lacks the sul1 gene and the other two open reading frames (Rådström et al., 
1994; Post et al., 2007). Instead, Tn402 includes a transposition gene module (tni module) 
containing tniA, tniB, tniQ, and tniR (also called tniC). The frequency of occurrence of untypical 
class 1 integrons in commensal flora of different origins is not well studied (Sáenz et al., 2010). 
The role of these genetic elements in bacterial evolution remains unknown. 
 
1.8.4.1.2. Class 2 integrons 
 
Class 2 integrons are strongly associated with Tn7 transposons and their derivatives (Cambray et 
al., 2010). The integrase gene of class 2 integrons, IntI2 gene, is 46% similar to the sequence of 
the class 1 integrase (Hansson et al., 2002). Sequencing of the IntI2 gene in Tn7 revealed an 
internal stop codon that may inactive the translation of this gene. However, a functional class 2 
integron was recently described by Márquez et al. from an E. coli strain in which the stop codon 
is replaced by a glutamine codon (Marquez et al., 2008). Class 2 integrons were frequently 
reported among members of Enterobacteriaceae and clinical important pathogens worldwide, 
especially in E. coli  (White et al., 2001; Crespo et al., 2005; Machado et al., 2005; Ramirez et 
al., 2005a; Ramirez et al., 2005b; Ahmed et al., 2006; Pan et al., 2006; Kim et al., 2010). Class 2 
integrons were also found in Enterobacteriaceae isolated from animals, aquatic habitats and 
environments associated to human impacts (Goldstein et al., 2001; Sunde, 2005; Barlow and 
Gobius, 2006; Barlow et al., 2008; Kadlec and Schwarz, 2008; Rodriguez-Minguela et al., 2009; 
Xu et al., 2011a). Class 2 integrons usually harboured ereA (conferring resistance to 
erythromycin), catB2 (chloramphenicol), aadB (gentamicin, tobramycin, and kanamycin), dfr 
(trimethoprim), sat (streptothrycin) and estX (encoding a putative esterase)  of which the cassette 
array dfrA1 - sat1 - aadA1 was most commonly found (Partridge et al., 2009). 
 
1.8.4.1.3. Class 3, 4, 5 integrons 
 
The first class 3 integron was isolated from a carbapenem-resistant Serratia marcescens strain 
(Arakawa et al., 1995) and characterised (Collis et al., 2002). The other two classes of mobile 
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integrons (class 4 and 5) are associated with trimethoprim resistance phenotypes in Vibrio species 
(Sorum et al., 1992; Hochhut et al., 2001; Cambray et al., 2010). 
 
1.8.4.2. Gene cassettes and cassette arrays 
 
Gene cassettes are small non-replicating mobilisable DNA element, usually contain only a single 
gene and a recombination site (attC) (Labbate et al., 2009). Almost all known gene cassettes  do 
not have promoter, therefore, their expression depend on the promoter (Pc) of the integrons that 
they integrated into (Cambray et al., 2010). Several gene cassettes may be inserted into one 
integron causing the multiple antibiotic resistance (Partridge et al., 2009). Most cassette arrays 
described have two or three gene cassettes, which often confer resistance to different classes of 
antibiotics. Up to nine antibiotic resistance gene cassettes can be harboured on a single class 1 
integron. To date, more than 130 different cassettes conferring resistance to almost every known 
antibiotic were identified. 
 
1.9. Quinolone resistance 
 
1.9.1. Introduction of quinolones 
 
Quinolone is synthesis class of critically important antimicrobial agents used worldwide due to 
its high potency, broad spectrum of activity, and low incidence of side-effects (Andersson and 
MacGowan, 2003; Van Bambeke et al., 2005). Quinolone structure based on the 4-quinolone 
nucleus (Emmerson and Jones, 2003) with two major groups: quinolones and naphthyridones 
(Andersson and MacGowan, 2003). Quinolone was unexpectedly discovered in 1962 as a by-
product of anti-malarial agent, chloroquine (Lesher et al., 1962; Mitscher, 2005; Van Bambeke et 
al., 2005; Kohanski et al., 2010). The first quinolone, nalidixic acid was introduced for clinical 
applications in 1967 for the treatment of urinary tract infections (Emmerson and Jones, 2003; 
Mitscher, 2005). Since then, the molecular structures of quinolones have been modified to 
increase their potencies, spectrums and reduce the resistance possibilities (Wolfson and Hooper, 
1989; Andersson and MacGowan, 2003; Mitscher, 2005; Van Bambeke et al., 2005).  
 
 
31 
 
1.9.2. Mechanisms of action 
 
The targets of action of quinolones involve two enzymes essential for cell growth and division: 
DNA gyrase, the first identified target belonged to type II DNA topoisomerase, and 
topoisomerase IV, a related type II topoisomerase (Drlica and Zhao, 1997; Hooper, 1999). DNA 
gyrase is bacterial enzyme that (i) introduces negative supercoils into DNA, (ii) favours the 
movement of replication and transcription complexes through DNA, (iii) removes knots from 
DNA and (iiii) helps bend and fold DNA (Roca, 1995; Drlica and Zhao, 1997; Hawkey, 2003). 
Topoisomerase IV, discovered by Kato et al. in 1990, is responsible for DNA decatenation, the 
unlinking of replicated daughter chromosomes (Kato et al., 1990; Drlica and Zhao, 1997; 
Hawkey, 2003). The formation of ternary complex of quinolones, DNA, and either topoisomerase 
enzymes interferes with DNA replication, transcription, and repair and facilitate its cleavage, 
leading to rapid cell death (Drlica and Zhao, 1997; Hooper, 1999; Mitscher, 2005). Generally, 
DNA gyrase inhibition is closely associated with quinolone activity against Gram negative 
bacteria, whereas, anti Gram positive is closely related to topoisomerase IV inhibition (Hawkey, 
2003; Mitscher, 2005; Van Bambeke et al., 2005). 
 
1.9.3. Quinolone generations  
 
Quinolones have been classified into four generations, mainly based on their spectrums of 
antimicrobial activity (Ball, 2000; Van Bambeke et al., 2005). The first generation has narrow 
spectrum only against Gram negative bacteria in which nalidixic acid is the most well known. In 
addition, the rapid development of resistance and its low serum concentrations affected the 
potency of infectious disease treatments of the first generation (Appelbaum and Hunter, 2000; 
Emmerson and Jones, 2003). The other disadvantage of quinolone first generation was its toxicity 
(Rubinstein, 2001; Ball, 2003). The second generation (IIa) was developed to improve the 
antimicrobial potency that could effectively treat most serious Gram negative pathogens. 
However, they still have limited activity against Gram positive bacteria. It led to the 
improvement of generation (IIb) that showed broader spectrum against Gram positive including 
pneumococci. However, the second generation still have less effects on anaerobic bacteria (Ball, 
2000; Andriole, 2005). Potency against Gram positive pathogens was strengthened by the 
appearance of the third generation (IIIa), but it went along with serious adverse reactions causing 
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the withdraw of some members of this class. The third generation (IIIb) intensified activity 
against Gram positive pathogens along with anti-anaerobe and reduced drug adverseness with 
gemifloxacin is the representative (Ball, 2000; Van Bambeke et al., 2005; Kohanski et al., 2010). 
The molecular structures of quinolones have been modified over time by the addition of different 
substituent at the N-1, C-6, C-7, and C-8 positions (Andersson and MacGowan, 2003; Andriole, 
2005). These modifications could reduce resistance selection, enhance the potency and safety of 
the drugs. As the results, the fourth generation, also named des-fluoroquinolones,  was created 
with the first member, garenoxacin (Van Bambeke et al., 2005). Since 2005, structural 
modification of quinolones has been focused on C-7 position independently or in combination 
with C-6 or C-8. Novel quinolone hybrids (to reduce resistance) and conjugate compounds (anti-
TB and anti-HIV) have been developed (Wiles et al., 2010). 
 
1.9.4. Toxicity and side effects 
 
Early reviews on toxicity of quinolones to human reported on some but not severe adverse effects 
such as gastrointestinal symptoms, central nervous system (CNS) symptoms and tendonitis or 
dermatologic hypersensitive, cardiovascular, special senses, hematologic, hepatic, and 
musculoskeletal (Hooper and Wolfson, 1985; Christ et al., 1988; Stahlmann, 1990). There are 
relationships between the structure of quinolones and their activities but also their side effects 
(Domagala, 1994; Lipsky and Baker, 1999; Rubinstein, 2001; Van Bambeke et al., 2005). 
Position 1, 3, 4, 5, 7, 8 control genetic toxicity, metal binding, phototoxicity, CNS, whereas 
position 2, 6 showed unknown side effects. In addition, halogenated quinolones are associated 
with phototoxicity. The presence of nitrogen in the ring structure may be related to 
hepatotoxicity. However, not all relationships between structures and adverse effects have been 
sufficiently understood, therefore, there are numerous assessments need to be conducted before a 
new drug marketed (Ball, 2003). Toxicity of quinolones were reviewed including effects on 
gastrointestinal tract, CNS effects, cadiotoxicity, skin reactions, phototoxicity, chondrotoxicity, 
and tendon disorders, among them, major class effects are cardiac effects, phototoxicity, CNS 
disturbance and tendinitis (Stahlmann and Lode, 1999; Ball, 2003; Van Bambeke et al., 2005). 
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1.9.5. Quinolone resistance 
 
Soon after the introduction of nalidixic acid to clinical use in 1967, resistance was early mapped 
to chromosomal mutations (Hane and Wood, 1969). The mechanisms of resistance to quinolone 
were mainly included decrease intracellular accumulation and mutation in target enzymes 
(Piddock, 1999; Mitscher, 2005; Van Bambeke et al., 2005). Decrease intracellular uptake of 
quinolone could occur by changes in outer-membrane, including altered outer membrane porins 
(OmpF) (Piddock, 1999; Hawkey, 2003; Mitscher, 2005; Van Bambeke et al., 2005). In addition, 
expulsion of quinolones, mostly due to mutations that modified efflux pumps, is the main cause 
of decrease accumulation of these antibiotics. Furthermore, efflux pumps may favour the 
emergence of resistant mutants because they can create environment with low concentration of 
antibiotics for bacteria to survive (Hawkey, 2003; Van Bambeke et al., 2005). The second 
mechanism of resistance is accumulation of  mutations in quinolone’s target enzymes, DNA 
gyrase and topoisomerase IV (Mitscher, 2005). Mutations in DNA gyrase occur in both gyrA and 
gyrB genes. However, mutation in A subunit of DNA gyrase is more important and sufficient to 
cause resistance in Gram negative bacteria. Mutations in B subunit may enhance the effects of 
change in A one. On the contrary, mutation in topoisomerase IV plays more important roles in 
Gram positive bacterial resistance (Hawkey, 2003; Mitscher, 2005). Resistance to quinolone in 
Gram positive bacteria frequently occurs along with the alteration in ParC more commonly than 
ParE. 
 
1.9.6. Plasmid-mediated quinolone resistance 
 
The two mechanisms of resistance of quinolones are accumulation of mutations in the two 
enzymes targeted by the drugs and decrease intracellular uptake by mutations either in outer 
membrane porins or efflux pumps. Both mechanisms are mutational that arise in individual cell 
and vertically transfer to surviving progeny (Robicsek et al., 2006a; Strahilevitz et al., 2009). The 
possibility of mutations, double or more, are very low, therefore, the resistance of quinolones was 
unlikely to be rapidly developed (Robicsek et al., 2006a). However, the frequencies of quinolone 
resistance have been reported increasingly, therefore horizontal transfer by transferable elements 
could provide more explanations along with mutations. The first type of plasmid-mediated 
quinolone resistance (PMQR) was reported by Luis Martinez-Martinez and colleagues in a 
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clinical strain of Klebsiella pneumoniae that transferred low-level quinolone resistance together 
with resistance to several other antibiotics to Escherichia coli and other Gram-negative bacteria 
in 1998 (Martínez-Martínez et al., 1998). The authors designated the description qnr for that 
unknown mechanism PMQR locus, and this responsible gene has been renamed to qnrA after the 
discovery of qnrS found in Shigella flexneri from Japan (Hata et al., 2005) and qnrB discovered 
in K. pneumoniae from India (Jacoby et al., 2006). Variants of each type different in a few amino 
acids are defined as qnrA1-6, qnrS1-4, qnrB1-19 (Strahilevitz et al., 2009). In 2008, a new qnr 
gene has been found in four S. enterica isolated from human in the Henan Province of China 
(Cavaco et al., 2009). These isolates showed reduced susceptibility to CIP but were negative for 
known qnr genes (A, B, and S), aac(6’)Ib-cr, qepA and mutations in gyrA and parC. The new 
gene, designed qnrD, showed similarities to qnrA1, qnrS1, qnrB1 with 48%, 41% and 61%, 
respectively. In 2008, from a clinical strain of Proteus mirabilis, a plasmid was transferred to 
azide-resistant E. coli J53 by conjugation (Wang et al., 2009). The transconjugants exhibited low-
level quinolone resistance but did not contain the known qnr genes, aac(6’)-Ib-cr and qepA. This 
new gene, designed qnrC, coding for a 221-amino acid protein, shared 64%, 42%, 59%, and 43% 
amino acid identities with qnrA1, qnrB1, qnrS1, and qnrD, respectively. 
 
In 2005, a new transferable plasmid mediated quinolone resistance gene was reported, aac(6’)-Ib-
cr, which encodes a variant aminoglycoside acetyltransferase that confers low level of resistance 
to certain quinolones: ciprofloxacin or norfloxacin by N-acetylation of a piperazinyl amine 
(Robicsek et al., 2006b). Aac(6’)-Ib-cr has two amino acid changes, Trp102Arg and Asp179Tyr, 
which are necessary and sufficient for ciprofloxacin resistance phenotype. The increase in MIC 
conferred by aac(6’)-Ib-cr is smaller than that of  Qnr proteins, however when aac(6’)-Ib-cr are 
present together with qnrA, the level of resistance is increased fourfold more than that conferred 
by qnrA alone (Robicsek et al., 2006b; Strahilevitz et al., 2009). In addition, aac(6’)-Ib-cr 
facilitated the frequency of selection of chromosomal mutants (Robicsek et al., 2006b; Warburg 
et al., 2009). 
 
A novel efflux pump qepA (quinolone efflux pump) was discovered in E. coli C316 isolated from 
the urine of an inpatient in Hyogo Prefecture, Japan, 2002 (Perichon et al., 2007; Yamane et al., 
2007).  qepA gene encodes a 14-transmembrane-segment putative efflux pump belonging to the 
major facilitator super-family of transporters of Gram-positive Actinomycetales (Perichon et al., 
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2007). The increases of MICs, conferred by qepA, of nalidixic acid, ciprofloxacin, and 
norfloxacin are 2-fold, 32-fold, and 64-fold, respectively (Strahilevitz et al., 2009). qepA2 was 
found in France with a variant of two nucleotide substitutions comparing to qepA1, however it 
still confer a similar antibiotic resistant phenotype (Cattoir et al., 2008b). 
 
Since the discovery of plasmid mediated quinolone resistance gene, qnrA, in 1998, much research 
on this issue has been published. However, most of the publications have been published since 
2008 with the discovery of new genes in such recent years (Strahilevitz et al., 2009). It 
demonstrates that, even with the synthesis antimicrobial substance that were thought hardly to 
develop resistance, concomitant with extensive use, bacteria could adapt and equip themselves 
and raise their resistance globally. 
 
1.10. Antimicrobial resistant phenotypes and genotypes of commensal 
bacterial isolates in aquaculture and catfish: worldwide and in Vietnam 
 
Intensity use of antimicrobials in aquaculture for the purposes of disease treatment, prevention 
and growth promotion induced selective pressures generating reservoirs of resistant bacteria 
(Heuer et al., 2009; Marshall and Levy, 2011). Resistance genes can be transferred among other 
bacteria and fish pathogens in the aquatic environments (Cabello, 2006; Heuer et al., 2009). The 
evidences of exchange of resistance determinants between aquatic and terrestrial environments 
including commensal bacteria of animals and humans were observed (Cabello, 2006). Spread of 
resistance may occur via direct contact with fish or indirect through food chain (Heuer et al., 
2009; Marshall and Levy, 2011). 
 
In general, studies on antibiotic resistant bacteria isolated from aquaculture sources are not 
globally prevalent. Limited publications on antibiotic resistance of fresh water aquaculture 
isolates were observed worldwide, for instance in the US, Chile, Denmark, Netherlands, India, 
Australia, and South Africa (McPhearson et al., 1991; Schmidt et al., 2001a; Miranda and 
Zemelman, 2002; Hatha et al., 2005; Akinbowale et al., 2006; Akinbowale et al., 2007; Jacobs 
and Chenia, 2007; Penders and Stobberingh, 2008). In addition, the molecular characteristics of 
antibiotic resistance, such as the distribution and characterisation of antibiotic resistance 
determinants including integrons, plasmids, antibiotic resistance genes, and their transfer ability, 
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have rarely been investigated (L'Abée-Lund and Sørum, 2001; Schmidt et al., 2001a; Schmidt et 
al., 2001b; Jacobs and Chenia, 2007; Nawaz et al., 2010; Kadlec et al., 2011; Ndi and Barton, 
2011). However, aquaculture sources can be reservoirs of antibiotic resistance genes (L'Abée-
Lund and Sørum, 2001; Schmidt et al., 2001a; Schmidt et al., 2001b; Cabello, 2006; Jacobs and 
Chenia, 2007; Heuer et al., 2009; Nawaz et al., 2010; Kadlec et al., 2011; Ndi and Barton, 2011). 
 
In Vietnam, limited studies on antimicrobial resistance phenotypes and genotypes have been 
conducted on aquaculture or catfish commensal bacteria. The sole study on antibiotic resistance 
of catfish commensal flora was published by our group in 2007 (Sarter et al., 2007). Another 
survey was focused on antimicrobial susceptibility patterns of Edwardsiella ictaluri isolates, the 
main cause of bacillary necrosis of Pangasius spp. (BNP) (Tu et al., 2008). In addition, 
publications on molecular characterisation of antibiotic resistant bacteria, such as the prevalence 
of plasmids, integrons, antibiotic resistance genes as well as their transmission, are commonly 
conducted on clinical isolates (Dalsgaard et al., 1999; Naas et al., 2000; Cao et al., 2002; Iversen 
et al., 2003; Vo et al., 2010). Very limited research was found on non-human isolates such as 
food-borne pathogens (Van et al., 2007), animal pathogens (Vo et al., 2010) and catfish 
pathogens (Tu et al., 2008). To our knowledge, study on the prevalence and characterisation of 
integrons, cassette arrays as well as their horizontal transmission from aquaculture or catfish 
industry are absent in this country. 
 
Resistance to quinolones, a critically important class of antimicrobials for human medicine, has 
been progressively reported among human and food animal isolates associated with their 
widespread uses (Hooper, 2000; Cattoir and Nordmann, 2009). Resistance to quinolones was due 
to the accumulation of mutations in the two enzymes targeted by the drugs and decrease 
intracellular uptake or through plasmid-mediated quinolone resistant (PMQR) determinants. 
Recently, markedly increasing numbers of studies on PMQR genes were published with the focus 
on clinically important isolates. However, very limited surveys on this issue were found in 
aquaculture worldwide as well as in Vietnam. 
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1.11. Project aims 
 
This study was conducted to address part of a deficient information in molecular antibiotic 
resistance characterisation and their transmissible potential in the catfish industry in Vietnam. 
Therefore, the aims of this study were:  
 
• To determine the levels and patterns of antibiotic resistance and multiple resistance of 
catfish commensal flora (E. coli, Pseudomonas and Aeromonas spp.) and human E. coli 
isolates in Vietnam. 
• To assess the prevalence of plasmids, class 1 and 2 integrons in catfish and human 
isolates. 
• To examine antibiotic resistance genes harboured in class 1 and 2 integrons and their 
transmission via two common gene transfer mechanisms: transformation and conjugation. 
• To investigate untypical class 1 integrons in human E. coli and their possible linkage to 
sul2, sul3 genes. 
• To examine the prevalence of Plasmid-Mediated Quinolone Resistant (PMQR) 
determinants (qnrA, qnrB, qnrS, aac(6’)-Ib-cr, qepA) in selected isolates from humans 
and catfishes in Vietnam and their transferability via two mechanisms of horizontal gene 
transfer: conjugation and transformation. 
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CHAPTER 2 – GENERAL MATERIALS AND METHODS 
 
This chapter describes the general methods used in this project. Specific methods are described in 
each chapter. All materials, chemicals, equipment used in this project are listed in this chapter. 
 
2.1. Materials 
 
2.1.1. General equipments 
 
Balance: 
Analytical balance Sartorius Gottingen, Germany 
 Balance (0.1-200 g) U-Lab, Australia 
Biophotometer Eppendorf, Germany 
Centrifuge 
 Eppendorf -5415D centrifuge. Eppendorf Geratebau, Germany 
 Bench top centrifuge. Centaur 2, MSE. 
 Allegra 21R centrifuge Beckman, USA 
 Multifuge 1S-R Heraeus, Thermo Scientific, Germany 
Centrifuge tubes 
 1.5 mL centrifuge tubes. Greiner Bio-one, Germany. 
 10 mL centrifuge tubes Sarstedt, Australia 
 15 mL centrifuge tubes Sarstedt, Australia 
 15 mL centrifuge tubes Greiner Bio-one, Germany 
 15 mL centrifuge tubes Jet Biofil, China 
 50 mL centrifuge tubes Greiner Bio-one, Germany 
Dry block heater Ratek, Australia 
Cryovials (1.8 mL) Nalgene Company, USA. 
Electroporation cuvettes (0.2 cm) BioRad, USA.   
Electroporator Gene Pulsar, Biorad, USA 
Electrophoresis Power Supply. 
 - PowerPac 300 BioRad Laboratories, USA. 
 - PP Basic BioRad Laboratories, USA. 
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 - EPS 600 Pharmacia LKB, Sweden. 
Electrophoresis Units: 
 - Mini gel BioRad Laboratories, USA 
 - Midi gel BioRad Laboratories, USA 
 - Midi gel Plaztek Scientific, Australia. 
Filter (0.2µm, 0.45µm) Sarstedt, Germany 
Filter (0.2µm, 0.45µm) Minisart, Germany 
Gel Doc image system BioRad, USA 
Microscopes: 
 - Light microscope (CH2) Olympus Optical Co., Japan 
Microscope slides LOMB Scientific Co., Australia  
Orbital shaker incubator Bioline, UK 
PCR thermal cyclers Thermohybaid, UK 
  G-storms, UK 
Petri dish Biolab, Australia 
Platform shaker Ratek, U-lab, Australia 
pH meter Radiometer, Denmark 
Spectrophotometer-Dynatek MR7000 Baxter Dagnostics, Australia 
Syringe (1 mL, 5 mL, 10 mL, 20 mL, 50 mL) Terumo Pty, Ltd., Australia  
Transilluminator (UV) Novex Australia Pty Ltd 
Waterbath Ratek, U-lab, Australia 
 
2.1.2. General chemicals 
 
ABI Prism BigDye Terminator Cycle  Perkin-Elmer Corp., USA 
Sequencing  Ready Reaction kit 
Acetic acid, glacial  BDH Chemicals, Australia  
Acetone. BDH Chemicals, Australia. 
Agarose (DNA grade). Progen Industries, Australia. 
Antibiotics 
 - Ampicillin CSL Ltd., Australia. 
 - Chloramphenicol  Sigma, USA 
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 - Kanamycin  Sigma, USA 
 - Gentamycin sulphate  Sigma, USA 
 - Nalidixic acid Sigma, USA 
 - Streptomycin Sigma, USA 
 - Tetracycline Sigma, USA 
L-arginine Fluka, Switzerland 
Bacteriological agar Oxoid Australia Pty. Limited  
Bromophenol blue BDH Chemicals, UK. 
Chloroform  Ajax Chemicals, Australia 
p-dimethylamino-benzaldehyde Fluka, Switzerland 
DNase I (bovine pancreas, grade I) Boehringer Mannheim, Germany 
DNA marker 
 - BAC-Tracker Supercoiled DNA ladder Epicentre, USA   
 - EasyLadder Bioline, USA 
 - Lambda DNA PstI marker (lambda DNA digested with PstI) 
DNA Polymerase:   
 - Taq DNA polymerase New England Biolabs, UK 
 - AmpliTaq Gold  Roche Diagnostics, Germany 
 - Expand long template DNA polymerase Roche Diagnostics, Germany 
dNTPs (deoxynucleoside triphosphates) 10 mM Roche Diagnostics, Germany  
dNTPs sulution mix New England Biolabs, UK 
Ethanol BDH. Chemicals, UK. 
Ethanol molecular grade Sigma-Aldrich Pty., Ltd, USA 
Ethidium Bromide (EtBr) Boehringer Mannheim, Germany 
Ethylendiamine tetra acetic acid, disodium salt BDHChemicals, Australia. 
(EDTA) 
Gel extraction kit Qiagen, USA. 
Gel extraction kit Bioline, UK 
Geneclean kit  MP Biomedicals, USA. 
Glucose  Sigma-Aldrich Pty., Ltd, USA 
L-Glutamine Cytosystems Pty Ltd, Australia  
Glycerol  BDH Chemicals, Australia 
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Hexadecyltrimethyl ammonium bromide Sigma-Aldrich Pty., Ltd, USA 
(CTAB) 
Hydrochloric acid (32%) Ajax Chemicals Ltd., Australia 
Hydrogen peroxide (30 %) BDH Chemicals, Australia 
Immersion oil BDH Chemicals, Australia 
Isoamyl alcohol BDH Chemicals, Australia 
Isopropanol Ajax Chemicals Ltd., Australia 
Lambda DNA Pharmacia LKB, Australia. 
Lysozyme Roche Diagnostics, Germany 
Magnesium chloride Perkin Elmer, USA  
Magnesium chloride  Roche Diagnostics, Germany 
Magnesium sulphate BDH Chemicals, Australia  
Mannitol  BDH Chemicals, Australia 
Methanol BDH Chemicals, Australia 
Methyl red Sigma, USA 
alpha-Naphthol  Sigma, USA 
ONPG disc Biorad, USA 
L-ornithine Fluka, Switzerland 
Paraffin BDH Chemicals, Australia 
Peptone Oxoid, England 
Phenol BDH Chemicals, Australia 
Phenol/Chloroform/Isoamyl Alcohol BDH Chemicals, Australia 
Phenol red Sigma-Aldrich Pty., Ltd, USA 
Phosphate buffered saline (PBS) Oxoid Ltd., England 
Plasmid extraction kit Qiagen, USA 
Potassium acetate BDH Chemicals, UK 
Potassium chloride BDH Chemicals, UK 
Potassium dihydrogen orthophosphate  BDH Chemicals, UK. 
Proteinase K Sigma Chemical Co., USA 
Restriction enzymes: include BglI, BglII ClaI, EcoRI, EcoRV, HincII, HindIII, HinfI PvuII, PstI, 
ClaI, SacII, SspI, NsiI, XbaI, SacII, SspI, and RsaI (Promega) and BtsCI, PstI-HF, BglII (New 
England Biolabs). 
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Sodium acetate BDH Chemicals, Australia 
Sodium azide  BDH Chemicals, Australia 
Sodium chloride BDH Chemicals, Australia 
Sodium citrate BDH Chemicals, Australia  
Sodium dodecyl sulphate (SDS) BDH Chemicals, Australia  
di-Sodium hydrogen orthophosphate  BDH Chemicals, Australia  
Sodium hydroxide (pellets) BDH Chemicals, Australia 
Sodium phosphate Mallinckrodt Inc., USA 
Sorbitol BDH Chemicals, Australia 
Sucrose BDH Chemicals, Australia  
Sulfuric acid BDH Chemicals, Australia 
Tetracycline.HCl Sigma Chemical Co., USA 
tetramethyl-p-phenylendiamine dihydrochloride Fluka, Switzerland 
Tris (hydroxymethyl) aminomethane (Tris) Boehringer Mannheim, Germany 
Triton-X-114  Sigma-Aldrich Pty., Ltd, USA 
Trypan blue Sigma-Aldritch Pty. Ltd., USA 
Trypsin - EDTA (without phenol red) Trace Biosciences, Australia 
Tryptone Oxoid Ltd., England 
Tween 20 Sigma Chemical Co., USA 
Urea  BDH, Australia 
Whatman blotting paper Whatman, England 
Wizard Genomic DNA Purification kit Promega, USA 
Yeast Extract Oxoid Ltd., England 
 
2.1.3. General media and solutions 
 
Luria Bertani agar (LB agar): 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) sodium 
chloride (NaCl), 1.5% (w/v) bacteriological agar.  
Luria Bertani broth (LB broth): 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) 
sodium chloride (NaCl).  
DNA loading buffer (6 ×): 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF, 40% 
sucrose in water.  
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Ethidium bromide (EtBr): 10 mg/mL EtBr. This solution is not autoclaved.  
EDTA (0.5 M) (pH 9): To prepare 200 ml of 0.5 M EDTA solution, add 37.22 g EDTA to 150 
ml MilliQ water with 20 g NaOH pellets, adjust pH to 9.0 and make up to 200 ml. 
ESP buffer: 0.5 M EDTA pH 9.0, 1% N-lauryl sarcosine, 1 mg/ml Proteinase K. 
Lysis buffer for plasmid extraction: 3% SDS and 50 mM Tris (pH 12.6). 
Nutrient Broth: peptone: 0.5%, sodium chloride (NaCl): 0.5%, beef extract: 0.15%, yeast 
extract: 0.15%, pH: 7,4 ± 0.2. 
Nutrient Agar: peptone: 0.5%, sodium chloride (NaCl): 0.5%, beef extract: 0.15%, yeast extract: 
0.15%, agar: 1.5%, pH: 7,4 ± 0.2. 
Phenol: Phenol was prepared by melting the solid form at 65°C for two hours and saturated with 
TE buffer, pH 8.0. Aliquots were stored at 4°C. 
Phosphate buffered saline: PBS solution was prepared by dissolving 1 PBS tablet in 100 ml 
Milli-Q water. 
Potassium acetate solution: 3.0 M potassium acetate (KAc), pH 4.8. 
Saline water: 0.85% (w/v) sodium chloride (NaCl) in water.  
TAE buffer (50 ×): Tris-base (24.2% w/v), glacial acetic acid (5.17% w/v) and EDTA (1.86% 
w/v) were dissolved in deionised water. This was diluted to 1X before use. 
TBE buffer (5x): Tris base (0.445 M), Boric acid (0.445 M) and EDTA (12.5 mM) dissolved in 
H2O and adjusted to pH 8.0. 
TE buffer: 10mM Tris base, 1 mM EDTA, pH 8.0. 
Trypticase Soy Agar (TSA) (Oxoid): 4% (w/v) TSA medium mix. 
Trypticase Soy broth (TSB) (Oxoid): trypticase peptone:1.7%, phytone peptone: 0.3%, sodium 
chloride: 0.5%, K2HPO4: 0.25%, glucose: 0.25%. 
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2.1.4. Media and solutions for isolation and identification of E. coli, 
Pseudomonas spp. and Aeromonas spp. isolates. 
 
Alkaline peptone water: Peptone 1%, NaCl 1%, pH 8.5. Autoclaved at standard conditions. 
BaSO4 turbidity standard (0.5 McFarland standard): mixing 0.5 ml of 1.175% (w/v) barium 
chloride dihydrate (BaCl2.2H2O) with 99.5 ml of 1% (v/v) sulfuric acid (H2SO4). Dispense 5 ml 
into test tubes. Seal tubes with parafilm to prevent evaporation and stored at room temperature in 
the dark. Tube was agitated on a vortex mixer immediately prior to use. 
Brilliant green bile (2%) broth (Oxoid): Suspend 4% (w/v) medium mix in distilled water, 
distribute into test tubes fitted with Durham’s tubes, autoclave. 
Buffered peptone water (Oxoid): 2% (w/v) medium mix, autoclave. 
Cetrimide Agar Base (Difco): pancreatic digest of casein: 1.15%, peptic digest of animal tissue: 
0.5%, yeast extract: 0.35%, beef extract: 0.3%, nicotinamide: 0.005%, p-aminobenzoic 
acid:0.005%, dextrose: 0.05%,cornstarch: 0.1%, sodium chloride:0.5%, agar 1.35%. 
Decarboxylase broth (Moeller’s) containing amino acids (L-ornithine or L-arginine) (BBL): 
Suspend and heat to dissolve the powder in distilled water (1.05%). 1% (w/v) amino acid was 
then added (no amino acid was added to the control broth), autoclave at 121ºC for 10 min. 
Eosin Methylene Blue Agar (EMB) (BBL): 3.74% EMB medium mix. Autoclave. 
Identification kit (API 20E): 20 biochemical tests for Gram negative rod Enterobacteriaceae 
identification. 
Kligler Iron Agar (KIA) (Oxoid): 5.5% (w/v) KIA medium mix. Bring to the boil to dissolve 
completely, then dispense into tubes. Autoclaving then set tubes as slopes. 
Kovac’s reagent: Iso-amyl alcohol: 75 ml, concentrated HCl: 25 ml, p-dimethylamino- 
benzaldehyde: 5 g 
Lysine Decarboxylase (LDC) Broth (Oxoid): Add 1 tablet to 5 ml of distilled water, dissolve 
and dispense into test tubes. Autoclave. 
MacConkey Agar (Difco): proteose peptone 0.3%, peptone or gelysate: 1.7%, lactose: 1%, bile 
salt: 0.15%, sodium chloride: 0.5%, neutral red: 0.003%, crystal violet: 1.35%, agar: 1.35%. 
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Methyl Red (MR) solution: Dissolve 0.04 g methyl red in 60 ml 950C alcohol, add 40 ml 
distilled water.  
MR-VP broth: Peptone: 0.7% (w/v), Glucose: 0.5% (w/v), Di-potassium hydrogen phosphate 
(K2HPO4) 0.5%. Dissolve and dispense into test tubes, autoclave. 
Muller Hinton Agar (Oxoid): 3.8% medium mix. Autoclave. Beef extract power: 0.2%, Acid 
Digest of Casein: 1.75%, Starch: 0.15%, Agar: 1.7% 
Peptone solution: Peptone : 0.1%, Sodium chloride (NaCl) 0.85%. Autoclave.  
Rimler – Shotts Medium Base (Hi-Media): yeast extract: 0.3%, maltose: 0.35%, l-lysine 
hydrochloride: 0.5%, l-ornithine hydrochloride: 0.65%, sodium thiosulphate: 0.68%, sodium 
deoxycholate: 0.1%, sodium chloride: 0.5%, agar: 1.35%.  
Simmons Citrate Agar (BBL): 2.42% medium mix in water. Boil to dissolve the powder 
completely and dispense into test tubes. Autoclave, set the agar in the slanted position. 
Thiosulfate Citrate Bile Salts Sucrose Agar (TCBS Agar): 8.9% (w/v) of the powder mix. Heat 
to dissolve, cool to 45-500C and use immediately. No autoclave required. 
Tryptone water: Tryptone 1%, Sodium chloride: 0.5%. Dissolve and dispense into test tubes and 
autoclave.  
Triple Sugar Iron (TSI) agar (Merck): 6.5% (w/v) of the medium mix. Boil to dissolve the 
powder completely and dispense into test tubes. Autoclave, set the agar in the slanted position. 
Urea agar base: 0.1% (w/v) peptone, 0.1% (w/v) glucose, 0.5% (w/v) Sodium chloride (NaCl), 
0.2% (w/v) potassium di-hydrogen phosphate (KH2PO4), phenol red (0.00012%) (w/v), agar 
1.5% (w/v). Autoclave.  
Urea solution: Dissolve urea (40%(w/v) in water. Sterilize by filtration. The completed medium 
was prepared by mixing 50 ml urea solution into 950 ml basic medium which was cooled to 50-
550C. Pour into sterilised test tubes, leave the medium to set in a slanted position. 
Voges-Proskauer (VP) reagents: Solution 1: 5% alpha-Naphthol (w/v) in alcohol (absolute), 
Solution 2: 40% Potassium hydroxide (w/v) in dH2O.  
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2.1.5. Antibiotics 
 
2.1.5.1. Antibiotic stock solutions 
 
All antibiotic solutions were filtered through 0.2 µm syringe filters and stored at -20ºC.  
 
 - Ampicillin (100 mg/mL): in dH2O.  
 - Chloramphenicol (34 mg/mL): in ethanol. 
 - Kanamycin (10 mg/mL): in dH2O. 
 - Nalidixic acid (25 mg/mL): in dH2O. 
 - Streptomycin (10 mg/mL): in dH2O.  
 - Tetracycline (5 mg/mL): in ethanol.  
 
2.1.5.2. Antimicrobial susceptibility discs 
 
Antimicrobial susceptibility discs (Oxoid) were purchased. The concentration of the discs and 
abbreviation of antimicrobial agents which was used throughout the thesis were: ampicillin 
(AMP) 10 µg, amoxicillin (AMO) 10 µg, gentamicin (GEN) 10 µg, neomycin (NEO) 30 µg, 
streptomycin (STR) 10 µg,  kanamycin (KAN) 30 µg,  tetracycline (TET) 30 µg, doxycycline 
(DOX) 30 µg, ciprofloxacin (CIP) 5 µg, norfloxacin (NOR) 10 µg, nalidixic acid (NAL) 30 µg, 
trimethoprim/sulfamethoxazole (SXT) 1.25/23.5 µg, chloramphenicol (CHL) 30 µg, 
nitrofurantoin (NIT) 300 µg, and colistin (COL) 10 µg. Antibiotic discs were stored at -200C if 
kept for long periods, while storage at 2-80C is suitable for discs currently being used. It is 
important to allow the cartridge to reach room temperature before exposing the discs. 
 
2.2. Methods 
 
2.2.1. General Procedures 
 
All chemicals used were of analytical reagent grade. Solutions were prepared using deionised 
water. Milli-Q water was obtained from a Millipore Milli-Q-water system (Liquipure, 
Melbourne, Australia). 
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Glassware was washed in Pyroneg detergent (Diversey-Lever, Pty. Ltd., Australia), rinsed twice 
in tap water, and then twice in deionised water. Glassware used for cell culture media was 
washed in Pyroneg detergent, rinsed twice in tap water, and twice in deionised water, and then 
soaked overnight in deionised water. 
 
Sterilisation of solutions, pipette tips and glassware was achieved by autoclaving at standard 
conditions, 121°C (15 lbs/in2) for 20 min on liquid cycle, unless otherwise stated. 
 
Solutions were dispensed using a Finnpipette® 0.5-10 μl (Labsystem) pipette for volumes 
ranging from 0.5 μl to 10 μl, a Finnpipette 5-40 μl (Labsystem) pipette for volumes ranging from 
10 μl to 40 μl, a Gilson P-200 Pipetman Micropipette (John Morris Scientific, Australia) for 
volumes ranging from 40 μl to 200 μl, a Gilson P-1000 Pipetman for volumes ranging from 200 
μl to 1000 μl, a Finnpipette 1000-5000 μl (Labsystem) pipette for volumes ranging from 1000 μl 
to 5000 μl. 
 
2.2.2. Microbiological methods 
 
E. coli, Pseudomonas fluorescens and Aeromonas hydrophila strains provided by the Department 
of Fish Pathology, Faculty of Fisheries, Nong Lam University, HCMC were used as controls 
throughout the isolation and identification steps.  
 
2.2.2.1. Isolation and identification of E. coli, Pseudomonas and Aeromonas spp.   
 
The isolation and identification procedures of E. coli, Pseudomonas and Aeromonas spp.  were 
described in Chapter 3 – Section 3.2.2. 
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2.2.2.2. Bacterial strains 
Table 2.1. Bacterial strains used in this study 
Bacterial strains Resistance phenotypes* Sources 
1-25 (E. coli) Sodium azide, sensitive Microbiology laboratory, Biotechnology and 
Environmental Biology, RMIT University. 
1-33(E. coli) Sodium azide, sensitive Microbiology laboratory, Biotechnology and 
Environmental Biology, RMIT University. 
1-35(E. coli) Sodium azide, sensitive Microbiology laboratory, Biotechnology and 
Environmental Biology, RMIT University. 
ATCC 14028 (S. typhimurium) N/A Biotechnology laboratory, Biotechnology and 
Environmental Biology, RMIT University. 
ATCC 25922 (E. coli) Sensitive Microbiology laboratory, Biotechnology and 
Environmental Biology, RMIT University. 
DT104 (S. typhimurium)  
 
N/A Dr Diane Lightfoot, Department of Microbiology and 
Immunology, University of Melbourne. 
EC8157 (E. coli) N/A Prof. Hatch Stokes, Ithree Institute, University of 
Technology, Sydney   
HB101(E. coli) AMP, AMO, NEO, TET,  
DOX, STR, KAN 
Biotechnology laboratory, Biotechnology and 
Environmental Biology, RMIT University. 
JM109(E. coli) NAL Biotechnology laboratory, Biotechnology and 
Environmental Biology, RMIT University. 
Aeromonas hydrophila N/A Department of Fish Pathology, Faculty of Fisheries, 
Nong Lam University, HCMC. 
Pseudomonas fluorescens N/A Department of Fish Pathology, Faculty of Fisheries, 
Nong Lam University, HCMC. 
*: Resistance phenotypes based on the results of antibiotic susceptibility tests against antibiotics: AMP, AMO, NEO, GEN, STR, 
KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT, and sodium azide. 
N/A: not applicable. 
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2.2.2.3. Bacterial strains isolated from this study 
 
A total of 157 E. coli, 116 Pseudomonas spp. and 92 Aeromonas spp. recovered from catfish 
(gills and intestines), water and sediment of catfish ponds, and 72 human E. coli  are included in 
the Appendix – Table A1, A2, A3,  A4. 
 
2.2.2.4. Bacterial culture conditions 
 
Catfish commensal microflora were grown on solid or liquid microbiological media under 
aerobic conditions at 300C for 16 h. Human E. coli isolates were grown on solid or liquid 
microbiological media under aerobic conditions at 370C for 16 h. 
 
2.2.2.5. Preservation conditions 
 
Long term: All bacterial strains were stored at -80°C in LB broth containing 25% glycerol.  
 
Short term: All bacterial strains were stored on LB-agar plates which were supplemented with the 
appropriate antibiotics if required, at 4°C.  
 
2.2.3. Antibiotic susceptibility tests 
 
Catfish commensal microflora (E. coli, Pseudomonas and Aeromonas spp.) and human E. coli 
isolates were tested for their susceptibility to 15 antimicrobial agents by disk diffusion method as 
described in Chapter 3 – Section 3.2.4. Multiple antibiotic resistance was considered for isolates 
which were resistant to at least two antibiotics and strict multiple resistance was assigned for 
isolates resistant to four antibiotics or more or isolates which were resistant to at leatst three 
different class of antibiotics. 
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2.2.4. Molecular biological methods 
 
2.2.4.1. Gel electrophoresis 
 
Agarose gel electrophoresis was carried out at 80-100 V for 1.5-2 h using 1%-2 % gel matrix 
prepared in 1x TE buffer. After electrophoresis running, the gel was stained in an ethidium 
bromide bath (3 μg/mL) for 5-10 min and destained under running tap water for 30 min. Gels 
were visualised and photograph taken using the BioRad Gel Doc system. The size of DNA 
fragments or plasmids were estimated by comparison with λ bacteriophage DNA digested by PstI 
restriction enzyme (Fig. 2.1) or supercoiled DNA ladder (Fig. 2.2). 
 
 
Figure 2.1. Lamda DNA/PstI marker (Fermentas, 2011). 
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Figure 2.2. BAC-Tracker supercoiled DNA ladder (Epicentre, 2009). 
 
2.2.4.2. DNA extraction 
 
Isolates were inoculated in 1 mL of LB broth from a single colony and incubated at 37°C with 
shaking (100 rpm) overnight. DNA was then extracted using a Promega DNA purification kit 
when necessary. For PCR amplification, simple boiling method was used to extract DNA. Boiled 
cell lysate was prepared by suspending a single colony in 100 μL sterilised distill H2O and boiled 
for 10 min at 1000C. Debris was removed by centrifugation at 15000 x g for 5 min and 1-2 μL of 
the supernatant, containing DNA, was used in PCR reaction mix as DNA template.  
 
2.2.4.3. Plasmid extraction 
 
Plasmids were extracted by Kado and Liu’s procedure with some modification as described in 
Chapter 4 – Section 4.2.2. 
 
2.2.4.4. Polymerase Chain Reaction  
 
PCR was performed either by using isolated DNA or boiled cell lysate to detect the integrase 
genes IntI1, IntI2; to amplify the gene cassette region of integron positive isolates; and to detect 
the presence of PMQR genes qnrA, qnrB, qnrS, aac(6’)-Ib, qepA. Other application of PCR in 
this study was to investigate the absence of the 3’- conserved segment (qacEΔ1 and sul1 genes) 
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and preliminary amplification of cassette array as well as the prevalence of sul2 and sul3 genes in 
untypical class 1 integrons. 
 
2.2.4.4.1. Primer designs 
 
Primers were designed using the Clone Manager 7, version 7.11 program. Primers were designed 
to have a %GC content between 40-60% with a Tm°C in the range of 50-80˚C. The primer 
sequences used for each DNA amplification purpose are as follows 
 
• Int1 gene detection 
HS463a (F): Tm: 560C annealing temp: 500C  
HS464 (R): Tm: 530C 
HS 463a: 5’ CTG GAT TTC GAT CAC GGC ACG 3’ 
HS 464: 5’ ACA TGC GTG TAA ATC ATC GTCG 3’  
Expected product size: 470 bp. 
 
• Amplification cassette region of class 1 integrons 
Int1-F: Tm: 520C annealing temp: 550C 
Int1-R: Tm:460C 
Int1-F:  5’ GGC ATC CAA GCA GCA AGC 3’  
Int1-R:  5’ AAG CAG ACT TGA CCT GAT 3’    
Expected product size: variable. 
 
• Int2 gene detection 
RB201 (F): Tm: 480C  annealing temp: 480C  
RB202 (R): Tm: 500C 
RB 201: 5’ GCA AAC GCA AGC ATT CAT TA 3’ 
RB 202: 5’ ACG GAT ATG CGA CAA AAA GG 3’    
Expected product size: 393bp. 
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• Amplification cassette region of class 2 integrons 
Hep74 (F): Tm: 670C  annealing temp: 550C 
Hep51 (R): Tm: 540C 
Hep 74:  5’ CGG GAT CCC GGA CGG CAT GCA CGA TTT GTA 3’ 
Hep 51:  5’ GAT GCC ATC GCA AGT ACG AG 3’     
Expected product size: variable. 
 
• qacEΔ1 gene detection 
Qac-F: Tm: 530C  annealing temp: 600C 
Qac-R: Tm: 540C 
Qac-F GGCTGGCTTTTTCTTGTTATCG 
Qac-R TGAGCCCCATACCTACAAAGC      
Expected product size: 287bp. 
 
• sul1 gene detection 
Sul1-F: Tm: 560C  annealing temp: 650C 
Sul1-R: Tm: 580C 
Sul-F TGGTGACGGTGTTCGGCATTC 
Sul-R GCGAGGGTTTCCGAGAAGGTG       
Expected product size: 789 bp.                 
                         
• sul2 gene detection 
Sul2-F: Tm: 510C  annealing temp: 500C 
Sul2-R: Tm: 500C 
Sul2-F CGGCATCGTCAACATAACC 
Sul2-R GTGTGCGGATGAAGTCAG       
Expected product size: 722 bp. 
 
• sul3 gene detection 
Sul3-F: Tm: 540C  annealing temp: 510C 
Sul3-R: Tm: 610C 
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Sul3-F GAGCAAGATTTTTGGAATCG 
Sul3-R CATCTGCAGCTAACCTAGGGCTTTGGA    
Expected product size: 790 bp. 
 
• Amplification cassette region Tn402-like 
RH506 (R): Tm: 490C  annealing temp: 640C 
Int1-F: Tm: 520C    
5’-TTCAGCCGCATAAATGGAG-3’     
Expected product size: variable. 
 
• Functional and truncated class 2 integron 
Reaction mixture: 160 µM of each deoxynucleotide triphosphate, 50 pmol of each primer, 
approximately 10 to 50 ng of template, and 1 unit of Taq DNA polymerase.  
Reaction conditions: 95°C for 3 min followed by 35 cycles of 95°C for 30 s, 64°C for 90 s, and 
72°C for 90 s and by a final incubation at 72°C for 5 min. 
 
HS913 (F): Tm: 510C  Functional and truncated class 2 integron  
HS914 (F): Tm: 530C  sequencing. 
HS502 (R): Tm: 530C 
5’-CGCCTAATCCCAGCAATAAAAT-3’ 
5’-GCGCCTAATCCCAGTAATAAAAC-3’ 
5’  GTA GCA AAC GAG TGA CGA AAT G 3’     
Expected product size: 308 bp HS913 (F) and HS502 (R). 
Expected product size: 309 bp HS914 (F) and HS502 (R). 
 
• qnrA gene detection 
QnrAm-F: Tm: 540C        annealing temp: 500C  
QnrAm-R: Tm: 540C 
QnrAm-F: 5’ AGA GGA TTT CTC ACG CCA GG 3’ 
QnrAm-R: 5’ TGC CAG GCA CAG ATC TTG AC 3’  
Expected product size: 580 bp. 
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• qnrB gene detection 
QnrB-F: Tm: 520C        annealing temp: 500C  
QnrB-R2: Tm: 520C 
QnrB-F: 5’ GAT CGT GAA AGC CAG AAA GG 3’ 
QnrB-R2: 5’ ATG AGC AAC GAT GCC TGG TA 3’  
Expected product size: 476 bp. 
 
• qnrS gene detection 
QnrSm-F: Tm: 500C        annealing temp: 500C  
QnrSm-R: Tm: 560C 
QnrSm-F: 5’ GCA AGT TCA TTG AAC AGG GT 3’ 
QnrSm-R: 5’ TCT AAA CCG TCG AGT TCG GCG 3’ 
Expected product size: 428 bp. 
 
• aac(6’)-Ib gene detection 
aac-Ib-F: Tm: 550C        annealing temp: 550C  
aac-Ib-R: Tm: 540C 
aac-Ib-F: 5’ TTG CGA TGC TCT ATG AGT GGC TA 3’ 
aac-Ib-R: 5’ CTC GAA TGC CTG GCG TGT TT 3’  
Expected product size: 482 bp. 
 
All PCR products positive for aac(6’)-Ib were further analyzed by digestion with BtsCI (New 
England Biolabs, Ipswich, MA) to identify aac(6’)-Ib-cr, which lacks the BtsCI restriction site 
present in the wild-type gene. The wild-type aac(6’)-Ib PCR product yielded 210-bp and 272-bp 
fragments after digestion 
BtsCI (New England Biolabs) (2009)  
5’-…GGATGNN…3’ 
3’-…CCTACNN…5’ 
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• qepA gene detection 
QEPA-F: Tm: 600C        annealing temp: 550C  
QEPA-R: Tm: 560C 
QEPA-F: 5’ GCA GGT CCA GCA GCG GGT AG 3’ 
QEPA-R: 5’ CTT CCT GCC CGA GTA TCG TG 3’ (Yamane 2008) 
Expected product size: 199 bp. 
 
• qepA gene detection 
qepA-F: Tm: 520C        annealing temp: 520C  
qepA-R: Tm: 560C 
qepA-F: 5’ AAC TGC TTG AGC CCG TAG AT 3’ 
qepA-R: 5’ GTC TAC GCC ATG GAC CTC AC 3’  
Expected product size: 596 bp. 
 
2.2.4.4.2. General PCR procedures 
 
PCR was performed using the following typical protocol, unless otherwise stated. 
 
Table 2.2. Concentration of reagents used in a typical PCR reaction (50 μl). 
Components Volume (μl) Final concentration 
10X Buffer 5 μl 1X
dNTP Mix (10 mM) 1 μl 200 μM
Forward Primer (10 µM) 1 μl 0.2 μM
Reverse Primer (10 µM) 1 μl 0.2 μM
Taq polymerase 0.2 μl 1 U
Template DNA 2 μl < 1,000  ng
Molecular grade water To 50 μl
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Table 2.3. Thermocycling conditions for a typical PCR reaction 
Steps Temperature (0C) Duration (s) Number of cycles 
Initial denaturation 94 120 1 
Denaturation 94 30  
Annealing 50 – 65  30 30 
Extension 68 60s/kb  
Extension 68 300 1 
Hold 4   
  
 
2.2.4.4.3. General expand long template PCR procedures 
 
To amplify fragments larger than 3 kb, expand long template polymerase was used instead of Taq 
DNA polymerase with the following reaction mix. 
 
Table 2.4. Concentration of reagents used in expand long template PCR reaction (50 μl)  
Components Volume (μl) Final concentration 
10X Buffer 5 μl 1X
dNTP Mix (10 mM) 1.75 μl 350 μM
Forward Primer (10 µM) 1.5 μl 300 nM
Reverse Primer (10 µM) 1.5 μl 300 nM
Expand long templatepolymerase 0.2 μl
Template DNA 2 μl < 500  ng
Molecular grade water To 50 μl
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Table 2.5. Thermocycling conditions for expand long template PCR reaction 
Steps Temperature (0C) Duration (s) Number of cycles 
Initial denaturation 94 120 1 
Denaturation 94 10  
Annealing 50 – 65  30 10 
Extension 68 120s/3kb  
Denaturation 94 15  
Annealing 50 – 65  30 20 
Extension 68 120s/3kb + 5s  
Extension 68 420 1 
Hold 4   
 
 
2.2.4.5. RFLP digestion  
 
PCR products of the gene cassette regions of class 1 integron positive strains were digested by 
restriction enzymes to examine whether amplicons had the same contents. Three different 
restriction enzymes were chosen toward individual size of amplicons. To choose restriction 
enzymes for RFLP digestion of cassette arrays, a large numbers of data from NCBI were 
screened to search for nucleotide sequences of  class 1 integron which shared the same sizes of 
gene cassette arrays. Their nucleotide sequences were then analysed by The Clone Manager 7, 
version 7.11 software to search for restriction sites. A number of restriction enzymes were chosen 
for each cassette array amplicon. 
 
Digestions were performed according to manufacturer’s instructions. The composition of 
reagents for digestion comprised of 3 µl of DNA, 0.5-1 µl of restriction enzyme, 0.2 µl of BSA, 2 
µl of appropriate restriction enzyme buffer and sterile molecular grade water to the total volume 
of 20 µl. Digests were incubated at appropriate temperature of restriction enzymes used (usually 
at 370C or 500C) for 1-4 hours. 
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2.2.4.6. DNA purification 
 
Extraction and purification of DNA from agarose gel using QIAquick Gel Extraction Kit 
(QIAGEN, Germany) was performed according to the manufacturer’s instructions. Briefly, the 
electrophoresed DNA bands were excised from the gel under UV condition in dark room and 
placed in 1.5 ml micro-centrifuge tube. Three volumes of QG buffer were added to one volume 
of gel and incubated to dissolve gel slice. Sample was applied to spin column and centrifuged. To 
remove all traces of agarose, 0.5 ml of buffer QG was added and centrifuged. Then, sample was 
washed and eluted to expected volume. 
 
2.2.4.7. DNA sequencing 
 
The DNA quantity and quality of purified cassette arrays were measured by both 
spectrophotometer (OD260/OD280) and agarose gel electrophoresis followed standard protocols 
required from sequencing company (Australian Genome Research Facility (AGRF) Ltd. 
company).  
 
Table 2.6. AGRF cycling condition for sequencing 
Steps Temperature (0C) Duration (s) Number of cycles 
Initial denaturation 96 120 1 
Denaturation 96 10  
Annealing 50  5 30 
Extension 60 240  
 
2.2.4.8. Transformation 
 
The procedures of E. coli DH5α competent cell preparation and transformation by electroporator 
were described in Chapter 4 – Section 4.2.9. 
  
2.2.4.9. Conjugation 
 
The procedures of spread plate and liquid mating were described in Chapter 4 – Section 4.2.10. 
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CHAPTER 3 – ISOLATION OF E. COLI, PSEUDOMONAS SPP., 
AND AEROMONAS SPP. FROM CATFISH IN VIETNAM AND 
CHARACTERISATION OF THEIR ANTIBIOTIC RESISTANCE. 
 
3.1. Introduction  
 
Development and spread of antibiotic resistance as a consequence of exposure to antimicrobial 
agents is of great concern worldwide (Andersson and Hughes, 2010). Antibiotics are used in 
aquaculture with the purposes of both therapeutic and prophylactic reasons as well as for growth 
promotion (Teuber, 2001). However, insufficient doses of antibiotics used for growth promotion 
could promote resistance (Teuber, 2001; Marshall and Levy, 2011). In addition, bacteria may 
gain resistance due to the improper use and abuse of antibiotics (Stuart, 2005). Resistant bacteria 
from an aquatic environment may infect humans through the food chain or by direct contact 
(Heuer et al., 2009). These bacteria can then transfer their resistant genes to human commensal 
flora or pathogens to cause failure of treatment of human disease (Barza, 2002; Marshall and 
Levy, 2011). 
 
In Vietnam, the sustainable development of the catfish industry has confronted many problems in 
which diseases and drug use are considered as major obstacles (Le and Cheong, 2010; Nguyen 
and Dang, 2010). The use of antibiotics in catfish farming health management is of great concern 
due to possible residues in fish flesh and in resistance development (Sarter et al., 2007; Phan et 
al., 2009; Nguyen and Dang, 2010). The Vietnamese government has regularly updated the list of 
banned and limited use antibiotics in aquaculture to comply with the requirement of the import 
markets (Nguyen and Dang, 2010). The Mekong Delta is the main region of catfish production in 
Vietnam of which production and export turnover has reached 1,200,000 tons, worth US $1 
billion since 2007 and continues to develop (Nguyen and Dang, 2010). However, limited studies 
have been conducted on catfish commensal flora and their antimicrobial resistance phenotypes 
and genotypes to estimate trends of resistance development in this area. The sole study on 
antimicrobial resistance of catfish commensal flora was published by our group in 2007 (Sarter et 
al., 2007). Ninety-two Gram negative bacteria isolated from catfish from three different farms in 
the Mekong Delta region were examined for susceptibility toward six antibiotics including AMP, 
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OTC, SXT, NAL, CHL, and NIT. The composition of commensal microflora were also assessed 
consisting of mainly members of the Enterobacteriaceae (49.1%), Pseudomonads (35.2%) and 
Vibrionaceae (15.7%) families (Sarter et al., 2007). The principal cause to explain the prevalence 
of Vibrio spp. in the collection was the feeding practices in the period of 2003-2006 of which, 
home-made feeding was still common, accounting for more than 50% of total Mekong catfish 
production. In home-made feed ingredients, marine trash fish (small marine fish forming the low-
value component of commercial catches) remains the main protein sources. However, due to 
many advantages in terms of feed efficiency, environmental and catfish health management and 
availability, commercial floating pellet feed is replacing home-made feed for catfish culture 
(Edwards et al., 2004; Le et al., 2006; Sarter et al., 2007). Another study focused on antimicrobial 
susceptibility patterns of Edwardsiella ictaluri isolates, the main cause of bacillary necrosis of 
catfish Pangasius spp. (BNP) or Edwardsiellosis, a significant pathogen of catfish in the Mekong 
Delta (Tu et al., 2008). Other authors also reported a high incidence of resistance of fish and 
shrimp ponds’ isolates (water, sediment) to TET, AMP, CHL, NIT, SXT (Nguyen et al., 2005a). 
Therefore, a study to determine resistance levels and patterns of commensal bacteria from catfish 
and its environment  is necessary to aid appropriate therapeutic decisions as well as minimize 
adverse effects to the environment in this region. 
 
The aims of this chapter are: 
 
• To determine resistance and multiple resistance levels  of catfish isolates (E. coli, 
Pseudomonas and Aeromonas spp.). 
• To assess multiple antibiotic resistance (MAR) indices of each genus (E. coli, 
Pseudomonas spp. and Aeromonas spp.) as well as the MAR indices of each province 
where catfish samples were obtained. 
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3.2. Materials and methods 
 
3.2.1. Sample collection sites and methods 
 
To gain a better understanding of resistance phenomena in catfish farming in the Mekong Delta, 
catfish, water and sediment samples were collected from five representative provinces including 
An Giang, Dong Thap, Can Tho, Vinh Long and Ben Tre (Fig. 3.1). Three intensive farms were 
chosen in each province except for four farms in An Giang and two farms in Ben Tre. An Giang 
was presumed to be the first province to commercially produce catfish, with an extensive culture 
system in cages in 1997. However, as a consequence of uncompetitive economic efficiency 
compared to pond culture, cage culture declined dramatically after 2003 (MARD, 2008). Pond 
culture replaced cage culture as the primary culture system in this province. Regardless of the 
type of culture systems  applied, An Giang maintained its significant role in contributing to the 
Mekong catfish production. Since An Giang’s location is upstream of the Mekong River, as well 
as its long historical experience in catfish culture of farmers, the trends of resistance in this 
province could reflect those of the whole region. Therefore, four intensive catfish farms in this 
province were chosen for sample collection. In contrast, Ben Tre, which is  downstream within 
the Mekong Delta, has developed for commercial catfish production only in the fresh water 
region (Nguyen and Dang, 2010). Thus, only two intensive catfish farms in this part were chosen 
for this study.  
 
From September 2008 through April 2009, catfish, water, and sediment samples were collected 
from 50 catfish culture ponds in the fresh water culture area in Mekong Delta region in Vietnam 
(Table 3.1). Pond areas ranged from 0.6 to 1.1 ha; depths were generally 3.5-4.5 m. Fishes 
displaying no infectious symptoms were collected in sterile plastic bags from all ponds. Four to 
ten catfish (0.4-1.1 kg) were caught from each pond by cast net. The weight of sample catfish in 
ponds in each farm was varied due to the fact that in intensive catfish farms, which consist of 
many ponds, farmers started to rear fingerlings at different points of time in different ponds. 
These practices were helpful to reduce initial fixed cost, to better control water quality and to 
favourably harvest and transport to processing plants. Surface water (50 ml/position) was 
collected in a sterile bottle with a closed cap in at least four positions in each pond. Sediment (50 
g/position) was collected from the upper layer of the pond bottom at the same position with water 
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Table 3.1. Sampling sites and ponds 
Farm No of ponds sampled Address 
1 3 Phu Da commune-Cho Lach  district-Ben Tre province 
2 3 Tan Khanh Trung commune-Lap Vo district-Dong Thap province 
3 3 Song Hau farm-Thot Not district-Can Tho city 
4 4 Tan Hoa commune-Thanh Binh district-Dong Thap province. 
5 3 Long Xuyen city-An Giang province 
6 3 Sadec district-Dong Thap province 
7 4 Chanh An commune-Mang Thit district-Vinh Long province 
8 3 Quoi Thien commune-Vung Liem district-Vinh Long province 
9 4 Son Dinh commune-Cho Lach district-Ben Tre province. 
10 3 My Hoa Hung commune-Cho Moi district-An Giang province 
11 3 My Hoa Hung commune-Cho Moi district-An Giang province 
12 3 Binh Thuy district-Can Tho city 
13 3 Binh Thuy district-Can Tho city 
14 4 An Phuoc commune-Mang Thit district-Vinh Long province 
15 4 Binh Thanh commune-Chau Thanh district-An Giang province 
 
3.2.2. Bacterial isolation and identification 
 
In general, bacterial commensal flora of healthy fish are found in three places: the outer slime, 
gills, and the intestines (Shewan and Georgala, 1957; Jay et al., 2005). However, whether 
bacteria isolated from fish skin are true commensal micro-flora, or are less closely associated 
with the surface, is debatable (Cahill, 1990). The main compositions of freshwater fish bacteria 
consist of Enterobacteriaceae (E. coli, Enterobacter spp., Citrobacter spp.),  Aeromonas spp., 
Pseudomonas spp. (Geldreich and Clarke, 1966; Nieto et al., 1984; Sugita et al., 1988; Cahill, 
1990; Sugita et al., 1991; Sugita et al., 1996; Hänninen et al., 1997) (See also the review in 
Section 1.3). Therefore, commensal bacterial flora of E. coli, Pseudomonas spp. and Aeromonas 
spp. were isolated from gills and intestines of catfish and its environment. With the purposes of 
selecting collections of E. coli, Pseudomonas spp. and Aeromonas spp. (predominant commensal 
flora of fresh water fish), the steps below were followed for confirmation of isolated bacteria 
(Fig. 3.2). 
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After being aseptically thawed for 2-4 h at ambient temperature, the catfish surface was carefully 
wiped by cotton with 70% ethanol. The fishes were then dissected using aseptic techniques to 
remove the gills and intestine. The mixture of cut intestines and gills were mixed with sterile 
buffered peptone water or physiological saline (0.9% [w/v] NaCl) in 10-fold proportion in 
stomacher (10-15 min) to make a serial dilution (to 10-6) (Fig. 3.3). Portions (0.1 ml) of each 
homogenous dilution (10-2 to 10-6) were spread-plated on selective agar media (MacConkey 
(Difco), Cetrimide Agar Base (Difco) and  Rimler-Shotts Medium Base Agar (HiMedia)) and 
incubated for 18-24 h at 300C. Sediment and water samples were mixed, diluted, and spread-
plated similarly but in higher concentration 100 to 10-2 on selective agars (MacConkey, Cetrimide 
Agar Base and  Rimler-Shotts Medium Base Agar).  
 
3.2.2.1. Isolation of E. coli  
 
 E. coli  was isolated by spread-plating 0.1 ml of homogenous mixture dilution of 10-2 to 10-5 
concentration onto MacConkey agar (Difco) (double plates) (Fig. 3.3, 3.4). Typical colonies 
(about 40-80 colonies/farm), pink/red colony pigment with a zone of precipitated bile due to 
lactose fermentation, were chosen. All the isolates were characterised by preliminary 
identification: Gram staining (negative), oxidase (negative) and catalase (positive) reactions, 
microscopic cell morphology observation, and bacterial motility (mobile). These typical isolates 
were then confirmed by the following reactions:  glucose fermentation/oxidation test (streaked 
and stabled on Triple Sugar Iron (TSI) (Difco) slant with the results of acid creation in both slant 
and butt and gas production), production of indole (KOVACS (Merck) test), and failure to utilize 
citrate (streaked on Simmons Citrate Agar (Difco)). Finally, identification by API 20E test strips 
(Biomérieux) for bacilli Gram negative was conducted when necessary (Cooke et al., 1969; 
Topley et al., 1983). 
 
3.2.2.2. Isolation of Pseudomonas spp. 
 
Pseudomonas spp. were isolated by spread-plating 0.1 ml of homogenous dilution of 10-2  to 10-5 
concentration onto Cetrimide Agar Base (Difco) (double plates) (Fig. 3.3, 3.5). Bacterial colonies 
fluorescing yellow or blue-green under ultraviolet lamp were re-streaked and purified (40-80 
colonies/farm). All selected isolates were characterised by Gram staining (negative), oxidase 
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(positive) and catalase (positive) reactions, microscopic cell morphology observation, and 
bacterial motility (mobile) for preliminary identification. These typical isolates were then tested 
for glucose fermentation/oxidation ability (streaked and stabled on Triple Sugar Iron (TSI) 
(Difco) slant with the results of alkaline creation in both slant and butt and no gas production). 
Finally, identification by API 20E test strips (Biomérieux) for bacilli Gram negative was 
confirmed (Sørensen et al., 1992; BBL, 2009). 
 
3.2.2.3. Isolation of Aeromonas spp. 
 
Aeromonas spp. were isolated by spread-plating 0.1 ml of homogenous dilution of 10-2  to 10-5 
concentration on Rimler-Shotts Medium Base Agar (HiMedia) (double plates) (Fig. 3.3, 3.6). 
Typical colonies (about 40-80 colonies/farm) with maltose fermentation (yellow colonies) and no 
hydrogen sulfide (H2S) (no black center) production (Shotts and Rimler, 1973), were chosen. All 
isolates were characterised by Gram staining (negative), oxidase (positive) and catalase (positive) 
reactions, microscopic cell morphology observation, and bacterial motility (mobile) (preliminary 
identification). These typical isolates were then confirmed by the following reactions:  glucose 
fermentation/oxidation test (streaked and stabled on Triple Sugar Iron (TSI) (Difco) slant with 
the results of acid creation in butt, acid or alkaline slant, no H2S production, mostly gas 
production). Finally, identification by API 20E test strips (Biomérieux) for bacilli Gram negative 
was conducted. 
 
Important test to distinguish E. coli with Pseudomonas spp. and Aeromonas spp. in preliminary 
identification is oxidase reaction with a negative result for E. coli  and a positive for the last 
groups. The main biochemical tests to differentiate Pseudomonas spp. from other oxidase 
positive fish bacteria are fermentation of carbohydrate (dextrose, lactose and sucrose) and 
hydrogen sulfide production in Triple Sugar Iron agar (Fig. 3.2). 
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Gram stain 
Gram negative, rods 
 
Oxidase test 
                     (+)              (-) 
 
                 Aeromonas, Pseudomonas, Vibrio spp. Enterobacteriaceae 
 
     
                                            fermentative                 oxidative              
Vibrio spp., Aeromonas spp.          Glucose fermentation           Pseudomonas spp. 
 
 
     Na+ required for growth 
           (+)      (-) 
                
        Vibrio spp.                   Aeromonas spp. 
 
Figure 3.2. Scheme for the identification of important bacterial genera in aquaculture (modified 
from (Tonguthai et al., 1999)). 
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Fish (intestine, gills) or pond water or sediment 
 
 
Serial dilution 
10-1        10-2        10-3        10-4        10-5        10-6   
 
 
Plate (double) isolation (catfish) 
    
     10-2                              10-3                                  10-4                             10-5    
         Mc         Mc             Mc         Mc              Mc         Mc         Mc         Mc   
                     Ae          Ae     Ae          Ae              Ae          Ae       Ae           Ae          
         Ps           Ps             Ps           Ps              Ps           Ps          Ps           Ps 
Plate (double) isolation (water and sediment) 
 
                                            100                             10-1                      10-2                               
                                       Mc        Mc         Mc         Mc       Mc        Mc 
              Ae          Ae         Ae          Ae        Ae  Ae 
       Ps           Ps          Ps           Ps         Ps  Ps 
 
Incubation 
300C, 18 – 24h 
 
Figure 3.3. Preliminary isolation scheme for E. coli, Pseudomonas and Aeromonas spp. Note: On 
MacConkey agar (Mc): red/pink colonies with a zone of precipitated bile. On Rimler-Shotts 
Medium Base (Ae): yellow colonies without black center. On Cetrimide Agar Base (Ps): 
fluorescent colonies under UV. 
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McConkey (pink/red colonies) 
 
 
Preliminary confirmation tests  
(Gram (-), oxidase (-), catalase (+), motility (+)) 
 
 
Streaked onto Citrate (no growth) and TSB, TSI 
(acid butt, acid slant, no H2S, gas formation on TSI slant) 
 
 
Kovacs (for indole test on TSB) 
 
 
Identification (API20E) 
 
 
E. coli  
 
Figure 3.4. Isolation scheme for E. coli. TSB: Tryptic Soy Broth (Difco). TSI: Triple Sugar Iron 
agar (Difco). 
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Cetrimide agar base (fluorescent under UV) 
 
 
Preliminary confirmation tests  
(Gram (-), oxidase (+), catalase (+), motility (+)) 
 
 
Streaked and stabled on TSI agar  
(alkaline on both slant and butt) 
 
 
Identification (API20E) 
 
 
Pseudomonas spp. 
 
Figure 3.5. Isolation scheme for Pseudomonas spp. 
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Rimler – Shotts Medium Base (yellow colonies) 
 
 
Preliminary confirmation tests  
(Gram (-), oxidase (+), catalase (+), motility (+)) 
 
 
Streaked and stabled on TSI agar  
(acid butt, acid or alkaline slant, no H2S, mostly gas formation) 
 
 
Identification (API20E) 
 
 
Aeromonas spp. 
 
Figure 3.6. Isolation scheme for Aeromonas spp. 
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3.2.3. Antibiotics used for susceptibility test 
 
A review on the chemicals, antibiotics and probiotics used in catfish and shrimp culture in the 
Mekong Delta in Vietnam was conducted by Nguyen and members of the Department of Aquatic 
Pathology-Faculty of Fisheries-Nong Lam University in 2008 (unpublished data). Based on the 
information obtained from this survey, a panel of 14 antibiotics which belonged to eight different 
families was included in this study (Table 3.2).  
 
Table 3.2. Antibiotics used for antibiotic susceptibility testing 
Antibiotics Code Concentration Spectrum 
PENICILLIN    
Ampicillin AMP 10µg +/- 
Amoxicillin AMO 10µg +/- 
AMINOGLYCOSIDES    
Gentamicin GEN 10µg +/- 
Neomycin NEO 30µg +/- 
Streptomycin STR 10µg +/- 
Kanamycin KAN 30µg +/- 
TETRACYCLINE    
Tetracycline TET 30µg +/- 
Doxycycline DOX 30µg +/- 
FLUOROQUINOLONE    
Ciprofloxacin CIP 5µg +/- 
Norfloxacin NOR 10µg +/- 
QUINOLONE    
Nalidixic acid  NAL 30µg - 
DIHYDROFOLATE REDUCTASE INHIBITORS    
Trimethoprim/sulfamethoxazole SXT 1.25/23.5µg +/- 
PHENICOL    
Chloramphenicol CHL 30µg +/- 
NITROFURANTOIN    
Nitrofurantoin NIT 300µg +/- 
 
3.2.4. Antibiotic susceptibility test  
 
The guideline of Clinical and Laboratory Standards Institute (CLSI), standard methods for 
antimicrobial disk susceptibility testing of bacteria isolated from aquatic animals, was strictly 
followed throughout the whole procedure. Quality control strain E. coli ATCC 25922 was 
included in each batch. Zone diameters obtained of  control strain has to be in the expected 
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ranges defined by CLSI. The procedures for antibiotic susceptibility test was summarised as 
follows  
 
Media preparation: Muller Hinton agar was purchased from Oxoid (Australia) or Difco (USA) 
and prepared followed the manufacturer’s instructions. Sterile medium was cooled down to 450C 
to 500C and poured into sterilised plastic Petri dishes with a uniform depth of approximately 4 
mm. Plates were used within seven days after preparation. 
 
Inoculum: A single well-isolated colony was inoculated into LB broth (Oxoid) and incubated at 
370C overnight. The fresh culture was then adjusted in density to turbidity equivalent to that of 
0.5 McFarland standard (inoculum concentration equal to 1 to 2 x 108 CFU/ml). Sterilised cotton 
swab was dipped into standardised inoculum suspension (within 5 minutes of its preparation), 
pressed firmly against the inside wall of the tube to remove the exceeded suspension and then 
streaked over the entire surface of Muller Hinton plates. The swab was rotated during streaking. 
Plates were rotated 600 two times and repeated the streaking process. Finally, swab all around the 
edge of the agar surface.  
 
Dispensing antibiotic discs: The antimicrobial disks were stored in the refrigerator (40C) in a 
container with desiccant. The container containing antimicrobial disks was left unopened at room 
temperature for approximately 1 h before using the disks to allow the temperature to equilibrate. 
After inoculation (no longer than 5 min), the antimicrobial disks were applied to the plates with 
sterile forceps and then gently pressed down onto the agar. To prevent overlapping of the zones 
of inhibition and possible error in measurement, disks were not distributed closer than 24 mm 
from center to center of the disks and from the edge of the plate. The plates were then incubated 
at 370C for 16-18 h.  
 
Measurement of zones: Inhibition zones were measured by a ruler and recorded to the nearest 
millimeter and isolates were classified as susceptible, intermediate, or resistant according to the 
zone diameter interpretative standards recommendations from the Clinical and Laboratory 
Standards Institute to each antibiotic tested (Hawke, 2006).  
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Multiple antibiotic resistance was considered for isolates which were resistant to at least two 
antibiotics (McPhearson et al., 1991; Sarter et al., 2007) and strict multiple resistance was 
assigned for isolates resistant to four antibiotics or more or three different class of antibiotics 
(Wilson, 2004; SCENIHR, 2009). 
 
Level of resistance to an antibiotic was assumed as extremely high if  more than 80% of isolates 
are resistant to that antibiotic and similarly for high > 40%, moderate 20-40%, low 10-20%, and 
rare < 10%. 
 
3.2.5. MAR (multiple antibiotic resistance) index calculation 
 
The MAR index was determined for each farm or each province according to (Krumperman, 
1983) and is defined as a/(b x c) where “a” represents the aggregate antibiotic resistance score of 
all isolates from a farm, “b” is the number of antibiotics and “c” is the number of isolates from 
the farm. The aggregate antibiotic resistance score is calculated by summary of antibiotics to 
which the isolate was resistant. A MAR index value of less than or equal to 0.200 is considered to 
indicate from catfishes, humans or farms in which antibiotics are seldom or never used. A MAR 
index value > 0.200 is observed when isolates are exposed to high risk sources of catfish, human 
or farm  contamination, where antibiotics are commonly used. 
 
3.3. Results and discussion  
 
3.3.1. Collection of E. coli, Pseudomonas spp. and Aeromonas spp. isolates from 
catfish 
 
Collections of several hundred E. coli, Pseudomonas and Aeromonas spp. were isolated from 
catfish or water or sediment of catfish ponds. However, due to problem of power supply to 
preservative freezer (-800C), a large number of isolates did not survive when sub-culturing before 
transporting to Australia for further molecular analysis. Finally, a total of 157 E. coli, 116 
Pseudomonas spp. and 92 Aeromonas spp. were recovered from all catfish (gills and intestines), 
water and sediment of catfish ponds (Appendix – Table A1, A2, A3). We termed these isolates as 
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catfish isolates (including isolates from water and sediment ponds) to distinguish from human 
isolates described in Chapter 5.  
 
3.3.2. Antibiotic resistance of E. coli isolates 
 
3.3.2.1. Antibiotic resistance 
 
In general, catfish E. coli exhibited a high incidence of resistance to β-lactams (AMP, AMO) 
consisting of 63.7% resistant to AMP and 58.0% resistant to AMO (Fig. 3.7). The level of 
resistance to inhibitors of folic acid synthesis group, trimethoprim/sulfamethoxazole (SXT) were 
also high (63.6%) due to the common use of this combination antibiotic in infectious disease 
treatment of Gram negative bacteria in aquaculture in Asian countries (Serrano, 2005). 
Resistance to the class of tetracyclines which was approved for use in aquaculture in many 
countries including Vietnam was observed in high frequency of approximately 50% of catfish E. 
coli. Aminoglycoside resistance (GEN, NEO and KAN) were found in less than 15% of total E. 
coli  isolates. However, other antibiotic, STR, which also belongs to that group of 
aminoglycosides, was of higher frequency of resistance. Nalidixic acid (NAL), the first 
generation of quinolones, was observed in higher level of resistance (41.4%) comparing to the 
second generation (CIP and NOR) of about 10%. The frequency of resistance to CHL and NIT, 
two antibiotics that prohibited for use in aquaculture in Vietnam since 2005, was rare in the case 
of NIT (2.6%) but was moderate to CHL (33%). The moderate level of resistance to CHL could 
be explained by the fact that even in the absence of this antibiotic selection pressure, CHL 
resistance was still maintained because of gene linkage to genes encoding resistance to antibiotics 
that approved for use in food animals such as sulfamethoxazole, tetracycline (Bischoff et al., 
2005). 
 Figure
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The levels of resistance of catfish E. coli  to aminoglycoside group (GEN, NEO, KAN) were 
6.4%, 12.7% and 14.0%, respectively. However, the rate of resistance to STR was higher (49.7%) 
(Fig. 3.7). These results were similar to the resistance frequency of KAN in a study in the US 
(11%) and higher than those found in Spain and Australia where less than 3% of E. coli isolates 
were resistant to GEN (McPhearson et al., 1991; Goni-Urriza et al., 2000; Watkinson et al., 
2007). The results of antibiotic resistance of E. coli isolated from Minjiang river, China showed a 
higher rate of resistance to GEN (22.5%) and a less resistance (43.5%) to STR (Chen et al., 
2010). Similarly, low frequencies (less than 10%) of resistance to GEN and KAN but a high level 
(more than 35%) of resistance to STR were observed from Gram negative bacteria isolated from 
four Chilean salmon farms (Miranda and Zemelman, 2002). Resistance to STR is often observed 
in higher frequency comparing to other aminoglycosides (NEO, GEN, KAN) possibly due to 
association between gene pair strA/strB (conferring resistance to STR) and sul2 (conferring 
resistance to sulfonamide, an antibiotic widely used in aquaculture) (Soufi et al., 2011) implied 
an occurrence of co-transfer between STR resistance and sulfonamide or SXT resistance. Other 
possible reasons were the prevalence of aadA gene (encoding resistance to STR but not to NEO, 
GEN, or KAN) found in class 1 integrons and the common transmission of STR resistance 
phenotype by the two mechanisms of gene transfer, conjugation and transformation in this study 
(further discussed in Chapter 4). In addition, mutation may play a role in explaining the higher 
level of resistance to STR. Streptomycin has only a single ribosomal binding site, therefore it is 
easily compromised by high frequency mutations that alter this site, especially in the high 
selective pressure environment (Livermore, 2005). 
 
Tetracyclines class is authorised for use in aquaculture in many countries (Serrano, 2005). The 
resistance level of E. coli isolates to this antibiotic was higher in a hatchery farm (100%) and 
showed an effect on increasing the frequency of resistance from 25% upstream to 60% 
downstream in affected stream in the US (Stachowiak et al., 2010). The level of resistance of E. 
coli in treated ponds in the Southeastern US was even much higher where 95% and 100% of 
isolates were resistant to TET and oxytetracycline (OTC), respectively (McPhearson et al., 1991). 
A lower level (69%) of resistance to TET was found in E. coli from Minjiang river (Chen et al., 
2010). In contrast, the levels of resistance to TET were observed at moderate level with less than 
25% of Enterobacteriaceae or E. coli isolates  from riverine system in Spain and Australia (Goni-
Urriza et al., 2000; Watkinson et al., 2007). In our previous study, similar results of more than 
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50% of Gram negative bacteria isolated from catfish were resistant to OTC (Sarter et al., 2007). 
The results of this study showed the levels of resistance to TET and DOX at 57.3% and 45.9% 
catfish E. coli, respectively (Fig. 3.7). These results of resistance were higher than those found in 
the urban riverine systems in Australia and Spain, where no effects of intensive farms were 
observed, but much lower than those from an affected river in China and in catfish ponds in the 
US implying the lower frequency of use of this class of antibiotic in intensive catfish farms in 
Vietnam. 
 
Quinolones have been considered as ideal antibiotics for human medicine and aquaculture use 
due to many potential properties such as high potency, a broad spectrum of activity, good 
bioavailability, and low incidence of side-effects (Andersson and MacGowan, 2003). Quinolones 
have an excellent bactericidal activity against Salmonella spp. and have been recognised as first 
choice for typhoid fever (Erdal Akalin, 1999). However, its widespread use has contributed to the 
rise of resistance in commensal flora as well as pathogens (Neuhauser et al., 2003; Van et al., 
2007). In Vietnam, fluoroquinolones (ciprofloxacin, enrofloxacin) were listed as prohibited 
antibiotics in aquaculture for seafood products exported to the United States and North America 
(MARD, 2009). In this study, E. coli  isolates exhibited low frequency of resistance to CIP and 
NOR with the percentage of 12.1% and 10.8%, respectively (Fig. 3.7). The level of resistance to 
NAL, first generation of quinolones, was higher at 41.4% of catfish E. coli isolates. However, 
this resistance showed a decline comparing to our previous results in 2007 of which more than 
50% Gram negative isolates were resistant to this antibiotic (Sarter et al., 2007). There is limited 
published information on the resistance of this class of antibiotics in E. coli  isolated from fresh 
water fish or aquatic system. A study on E. coli isolated from Minjiang river in China observed 
moderate levels of resistance of 27.5% to CIP and 21% to NOR (Chen et al., 2010). Resistance to 
NAL was found in lower frequency in the riverine system in Brisbane, Australia (less than 5% of 
E. coli), in Arga river in Spain (20% of Enterobacteriaceae) and from four salmon farms in Chile 
(22% of Gram negative bacteria) (Goni-Urriza et al., 2000; Miranda and Zemelman, 2002; 
Watkinson et al., 2007). Resistance to NAL has been observed since 1969, not long after its 
introduction to use in clinical settings (Hane and Wood, 1969; Appelbaum and Hunter, 2000; 
Emmerson and Jones, 2003). Possible cross-resistance to other fluoroquinolones was reported 
(Wolfson and Hooper, 1985). In addition, nalidixic acid resistance, a single chromosomal point 
mutation in the DNA gyrase gene, is considered as an initial step in the development of 
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ciprofloxacin resistance, which required two or more chromosomal point mutations (Crump et 
al., 2011). Therefore, high frequency of resistance to NAL observed in catfish E. coli must 
receive great concern. 
 
The high rate of  trimethoprim/sulfamethoxazole resistance (63%) in E. coli isolated from catfish 
in this study concurred to the results of SXT resistance (61%) of catfish Gram-negative isolates 
in 2007 (Sarter et al., 2007). Much higher incidence of resistance (100% Gram negative isolates) 
was found in benthic bacteria from fish-farm and control sediments of the Western 
Mediterranean (Chelossi et al., 2003). Other high levels of resistance to sulfamethoxazole were 
observed in studies of Miranda et al. (2002) (45% of Gram negative isolates) and Chen et al. 
(2010) (41% of E. coli isolates) (Miranda and Zemelman, 2002; Chen et al., 2010). These results 
reflected the widespread use of these antibiotics in aquaculture worldwide. In Vietnam, both 
antibiotics above were listed for limited use in aquaculture since 2005 (MARD, 2009). However, 
with the finding in this study, fish farmers should consider the prudent use or elimination of these 
antibiotics due to their low efficiency. 
 
Chloramphenicol and nitrofurantoin are banned for use in aquaculture and veterinary medicine 
worldwide (Serrano, 2005). In this study, the frequency of resistance to NIT was rare with 2.6% 
of total E. coli  isolates resistant (Fig. 3.7). However, this result contrasted with those found by 
McPhearson et al. (1991) that showed resistance to NIT in 24% of  E. coli  and 20% to 57% of 
Enterobacteriaceae isolates from treated catfish ponds in the US (McPhearson et al., 1991). The 
finding of this study was also at much lower level than that (39.5%) in the report of E. coli 
isolates from an affected river in China  (Chen et al., 2010). On the contrary, the resistance to 
CHL in this study was found in more than 30% of  E. coli  isolates (Fig. 3.7). This could be the 
results of co-transfer of chloramphenicol resistance genes with other genes responsible for 
resistance to antibiotics that are approved for use in aquaculture in Vietnam. It was higher 
comparing to the rates of 0% and 14% of E. coli and Enterobacteriaceae CHL resistant isolates 
from catfish culture in the US (McPhearson et al., 1991). However, this incidence of CHL 
resistance was still much lower considering the reports of Miranda et al. from Chile (45% of 
Gram negative bacteria from four Chilean salmon farms), Chelossi et al. from Italy (62% of 
benthic bacteria from fish-farm and control sediments of the Western Mediterranean) and Chen et 
al. from China (more than 80% of E. coli isolates from Minjiang river) (Miranda and Zemelman, 
80 
 
2002; Chelossi et al., 2003; Chen et al., 2010). These lower incidences of resistance to NIT and 
CHL suggest that these two antibiotics are not being used in the catfish industry in Vietnam. The 
moderate level of resistance to CHL was possibly the results of co-transfer with other genes 
conferring resistance to antibiotics that currently approved for use in aquaculture. 
 
In summary, the levels of antibiotic resistance of catfish E. coli isolates in Vietnam were 
generally similar to, or lower than, those of E. coli isolates from intensive fish farms or affected 
environments from literature worldwide. Resistance to first generation of quinolones, NAL, and 
to aminoglycosides, STR, however, is still high. The prudent or limited use of these antibiotics in 
aquaculture in Vietnam is needed to minimise the further development of antibiotic resistance. 
The  genome of E. coli has high plasticity, therefore it allows the bacteria to gain or loose genes, 
including virulence or antibiotic resistance which are often associated with genetically mobile 
elements, at a relatively high frequency (Kuhnert et al., 2000). These results may suggest that the 
endeavour of the Vietnamese catfish industry in controlling the use of antibiotics for catfish farm 
health management to comply with the requirements of the import markets is making effective 
progress. 
 
3.3.2.2 Multiple antibiotic resistance 
 
Only 10% of E. coli  isolated from catfish and from pond water were susceptible to all 14 
antibiotics tested (Fig. 3.8). Almost 90% of E. coli isolates exhibited resistance to at least one 
antibiotic in which the rate of multiple resistance (resistance to at least two antibiotics) was 
78.4%. The highest proportion of  multiple resistance of E. coli  isolates was simultaneous 
resistance to six antibiotics (19.1%). No isolate was resistant to more than 13 tested antibiotics. 
Strict multiple antibiotic resistance (MAR) (resistance to four or more antibiotics or to three 
different classes of antibiotics) was displayed in 58.6% E. coli  isolates. More than 52% of catfish 
E. coli isolates was resistant to 2-6 antibiotics. 
 
81 
 
 
Figure 3.8. Multiple antibiotic resistance of catfish E. coli isolates 
 
The levels of multiple resistance of catfish E. coli was similar to those reported by  McPhearson 
et al. (1991), in which the authors also found 74.7% of Gram negative bacteria isolated from 
catfish and from treated aquaculture pond resistant to two or more antibiotics. However, in that 
study, only 2.5% of the isolates was susceptible to all six tested antibiotics (McPhearson et al., 
1991), lower than the level of more than 10% of sensitive isolates found in this study (Fig. 3.8). 
In the study of 200 randomly chosen E. coli isolates from the collection of 2,788 E. coli  isolated 
from Minjiang River, China, up to 99.5% of the isolates resistant to at least four antibiotics (strict 
multiple resistance) (Chen et al., 2010). Another study on multiple antibiotic resistance in Gram 
negative bacteria from four Chilean salmon farms observed that 72% of the isolates were 
resistant to 6-10 antibiotics (Miranda and Zemelman, 2002). Moreover, one isolate was resistant 
to 15 antibiotics and more than 40% isolates were resistant to 9-13 antibiotics. All isolates 
(100%) were resistant to at least two antibiotics (multiple resistance) and 97% were resistant to 
four to 15 antibiotics (strict multiple resistance). The results of multiple resistance (78%) was 
also corresponding to our previous results published in 2007 in which 79% (73 isolates out of 92) 
of the total isolates showed resistance to at least two antibiotics (Sarter et al., 2007).  
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3.3.2.3 Antibiotic resistance patterns of catfish E. coli isolates 
 
A total of 58 antibiotic resistance patterns of strict multiple antibiotic resistance was identified 
from the 92 isolates. The six most common patterns were shown in Table 3.3. All these profiles 
comprised of antibiotics that showed the high levels of resistance which belonged to β-lactams 
(AMP, AMO), aminoglycosides (STR), tetracyclines (TET, DOX), 
trimethoprim/sulfamethoxazole (SXT), quinolones (NAL) and phenicols (CHL). The most 
common pattern AMP-AMO-STR-TET-DOX-SXT correlated with the six common antibiotics 
that catfish E. coli isolates were frequently resistant to.  
 
Table 3.3. Common resistance patterns of catfish E. coli  isolates 
Patterns of multiple resistance No of isolates 
AMP, AMO, STR, TET, SXT 6
AMP, AMO, STR, TET, SXT, CHL 4
AMP, AMO, STR, TET, DOX, SXT 9
AMP, AMO, STR, TET, DOX, NAL, SXT, CHL 4
AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL 4
AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL 5
 
3.3.2.4 Multiple Antibiotic Resistance (MAR) index for E. coli isolates 
 
The MAR index value > 0.200 is observed when isolates are exposed to high risk sources of 
catfish contamination, where antibiotics are commonly used. In general, MAR indices ranged 
from 0.143 (farm 4) to 0.578 (farm 12) with the mean value of 0.366 (Table 3.4). This mean 
value indicated that E. coli isolates might have originated from high risk sources of 
contamination. These results were similar to publications of Gram negative bacteria isolated from 
intensive catfish farm, from integrated animal-fish farms and from an  industrially polluted bay in 
which these authors reported MAR index values of 0.22 to 0.69 (Sarter et al., 2007; Matyar et al., 
2008; Su et al., 2011). 
 
Table 3.4. MAR indices for catfish E. coli  isolates 
Farm 1 2 3 4 6 7 8 9 10 11 12 13 14 Mean 
MAR 0.464 0.429 0.295 0.143 0.397 0.315 0.290 0.261 0.444 0.510 0.578 0.300 0.325 0.366 
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3.3.3. Antibiotic resistance of Pseudomonas spp. isolates 
 
3.3.3.1 Antibiotic resistance 
 
Generally, Pseudomonas spp. isolated from catfish, catfish ponds and sediment exhibited a high 
incidence of resistance to β-lactams (AMP, AMO) with the percentages of resistance from 97.4% 
to 99.1% (Fig. 3.9). The frequency of resistance to inhibitors of folic acid synthesis group (SXT) 
was also high (93.1%). For prohibited antibiotics (CHL and NIT), the occurrence of resistance 
was high at approximately 90% despite their ban of use in aquaculture since 2005. Moderate 
levels of resistance were observed on the class of tetracyclines of approximately 27% of isolates. 
Resistance to NEO was rare with the rate of 2.6% while those levels of resistance to KAN and 
GEN were found in 12% and 16% of the isolates, respectively. Another antibiotic, STR, which 
also belongs to that group of aminoglycosides, displayed a higher frequency of resistance (27%). 
Proportions of resistance to fluoroquinolones (CIP, NOR) were low at the levels of 9%. In 
contrast, nalidixic acid (NAL), the first generation of quinolones, was observed in much higher 
frequency of resistance (90%).  
 
 
Figure 3.9.  Percentage of catfish Pseudomonas spp. resistant to antibiotics tested 
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The high level of resistance of Pseudomonas isolates to AMP (99.1%) and AMO (97.4%)  
comparing to those of 60% in E. coli  can be explained by the fact that Pseudomonas virtually 
possess intrinsic β-lactams resistance (Hancock, 1998; Livermore, 2002). The results concurred 
to those of Akinbowale (2007) of  90% to 95% of Pseudomonads isolated from fish and 
sediments of nine fresh water rainbow trout farms in Australia resistant to AMO (Akinbowale et 
al., 2007). Other studies also found high levels of AMP resistance of Pseudomonas spp. in 
untreated (94%) and treated catfish ponds (100%) (McPhearson et al., 1991) or in florfenicol 
resistant bacteria (97%) in treated salmon farms in Chile (Miranda and Rojas, 2007) and in a 
catfish farm (93%) where Pseudomonas spp. predominate in Vietnam (Sarter et al., 2007). 
 
Pseudomonas aerugenosa, the most common species in Pseudomonas spp., was resistant to both 
trimethoprim and sulfamethoxazole (Huovinen, 2001) due to its possession of  multidrug efflux 
(intrinsic resistance) to trimethoprim and sulfamethoxazole (Kohler et al., 1996). Therefore, the 
high frequency of resistance to SXT (93%) observed in our results was explainable (Fig. 3.9). It 
was higher than that found in E. coli (60%). This result was similar to another report from 
Australia (95.5% and 87.1% of Pseudomonads isolated from fish and sediment resistant to 
trimethoprim) (Akinbowale et al., 2007). However, lower levels of SXT resistance were observed 
in other studies from Turkey (66% of Pseudomonas isolates), Chile (73% of florfenicol resistance 
bacteria) and Vietnam (80% Gram negative bacteria from catfish farm CF3 where Pseudomonas 
spp. were predominant) (Miranda and Rojas, 2007; Sarter et al., 2007; Matyar et al., 2010). 
Therefore, high incidence of resistance of Pseudomonas spp. to SXT found worldwide was 
possibly due to the possession of intrinsic resistance of this genus.  
 
Resistance to the two banned antibiotics (CHL, NIT) were displayed at high levels with the 
percentage of 89% and 91% of Pseudomonas isolates, respectively (Fig. 3.9). These findings 
were much higher when comparing to the resistance levels of 33% and 2.6% of catfish E. coli. As 
a consequence,  intrinsic mechanisms of resistance to these prohibited antibiotics of 
Pseudomonas spp. were predicted. Indeed, these results were in agreement with other 
publications such as more than 80% fish bacteria (brown trout, Atlantic salmon, brook trout and 
hybrid) were resistant to CHL (Michel et al., 2003); or 61% and 86% of Pseudomonas spp. from 
Iskenderun Bay, Turkey were resistant to CHL  and NIT, respectively (Matyar et al., 2010); or 
Pseudomonas isolates from sediment and fish from rainbow trout farms in Australia were 
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resistant to CHL (79% from sediment, 66% from fish) and resistant to NIT (87% from sediment, 
96% from fish) (Akinbowale et al., 2007), or 100% of florfenicol resistance bacteria in Chilean 
salmon farms were resistant to CHL (Miranda and Rojas, 2007). Another report of  MacPheason 
et al. (1991) also showed the high levels of resistance to NIT of Pseudomonas spp. in the range of 
50% isolates from rivers, 74% and 67% from untreated and treated catfish ponds. The authors 
also found 33% of Pseudomonas spp. from treated ponds resistant to CHL (McPhearson et al., 
1991). In our previous study (2007), the high frequencies of resistance (55% and 60%) to CHL 
and NIT were also observed (Sarter et al., 2007). Further reviewed of these high resistance levels 
found that P. aeruginosa possesses the efflux mechanism(s) contributing significantly to the 
intrinsic resistance to tetracycline, chloramphenicol, and fluoroquinolones, as does the low 
permeability of the outer membrane (Li et al., 1994). The earlier study also confirmed 
chloramphenicol resistance in P. cepacia by virtue of decreased permeability (Burns et al., 1989). 
Therefore possible efflux mechanisms (intrinsic resistance) along with low permeability of outer 
membrane of Pseudomonas spp. to chloramphenicol might exist in Pseudomonas spp. in the 
collection that cause the high incidences of resistance. Specific nitrofurans’ mode of action is still 
unknown (McOsker and Fitzpatrick, 1994; Sandegren et al., 2008), however, unusual high 
frequency of resistance observed in Pseudomonas spp. might implied a possible intrinsic 
resistance mechanism of this genus. 
 
Despite the fact that Pseudomonas spp. inherited high intrinsic resistance to several  
antimicrobials, some classes of antibiotics are still chosen for  P. aeruginosa treatment such as 
aminoglycosides, carbapenems, semisynthetic penicillins, third generation cephalosporins and 
quinolones (CIP) (Livermore, 2002). Ciprofloxacin is considered as the best antipseudomonal 
activity antibiotic in the class of quinolones. In this study, fluoroquinolones (CIP, NOR) 
resistance was low with more than 90% of Pseudomonas spp. isolates susceptible (Fig. 3.9). 
However, the level of resistance to the first generation of quinolones (NAL) was much higher at 
90%. These results show Pseudomonas spp. are more sensitive to CIP and NOR but resistant to 
NAL comparing to E. coli. The incidence of resistance to NAL was higher than other 
publications. For instances, in Turkey, resistance to NAL was reported in 27% total 
Pseudomonas isolates (Matyar et al., 2010). In two Chilean salmon farms, 47% of florfenicol 
resistance bacteria (where 69% of bacteria belonged to Pseudomonads) were resistant to NAL 
(Miranda and Rojas, 2007). In other four Chilean salmon farms, 22% of oxytetracycline 
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resistance Gram negative bacteria were resistant, either (Miranda and Zemelman, 2002). In our 
previous publication, the level of resistance to NAL in Gram negative bacteria in farm CF3, 
where Pseudomonas was predominant, was also high at 70% (Sarter et al., 2007). Previous 
studies on NAL resistance of P. aeruginosa found that the possible cause of high level of 
resistance was mutation in one locus designated nalA or an overproduce of an outer membrane 
protein (OprK) which enhance resistance to a number of antibiotics including NAL (Rella and 
Haas, 1982; Poole et al., 1993). These papers were in accordance with the two earlier reports in 
which the authors indicated that mutations of loci nalA and nalB were responsible for NAL 
resistance in E. coli (Hane and Wood, 1969; Gellert et al., 1977). Although the mechanism of 
NAL resistance was unclear, the high incidence of resistance found in Pseudomonas spp. implied 
an intrinsic mechanism of resistance. In contrast, the findings of resistance to CIP and NOR in 
this study were in accordance with other studies in Chile and Australia with low frequency 
(Miranda and Zemelman, 2002; Akinbowale et al., 2007; Miranda and Rojas, 2007). 
Fluoroquinolones (CIP and NOR) are considered as the most potent drugs to treat Pseudomonas 
diseases in aquaculture in Vietnam. However, their use in aquaculture must be of great concerns 
due to their critical importance in human medicine or be banned in some imported markets. In 
addition, the high prevalence of NAL resistance may pose risks of cross-resistance to other 
fluoroquinolones (Wolfson and Hooper, 1985) or ciprofloxacin resistance development through a 
second mutation (Crump et al., 2011). 
 
Aminoglycosides, as cationic compounds, were formerly thought of being active against P. 
aeruginosa in such cystic fibrosis patients (Livermore, 2002; Magalhães and Blanchard, 2009). 
However, P. aeruginosa could promptly develop resistance through mutations (Livermore, 2002) 
or adaption (adaptive resistance) (Skiada et al., 2011). In this study, the incidence of resistance to 
aminoglycosides (GEN, NEO, KAN) were low  (less than 16%)  but a higher rate was observed 
in STR resistance (28%) (Fig. 3.9). These findings were lower than those in E. coli (Fig. 3.7). 
Low frequency of resistance to GEN, KAN were also observed in other studies. For instance,  
less than 10% of florfenicol and oxytetracycline resistance bacteria from salmon farms in Chile 
were resistant to KAN and GEN (Miranda and Zemelman, 2002; Miranda and Rojas, 2007). 
Other authors found that all Pseudomonas isolates from catfish and ponds in the US and sediment 
and rainbow trout fish in Australia were susceptible to KAN or GEN (McPhearson et al., 1991; 
Akinbowale et al., 2007). In Turkey, 6% and 20% of Pseudomonas isolates were resistant to 
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KAN and GEN, respectively (Matyar et al., 2008). However, resistance to STR in other studies 
were higher than the results in this study (from 36% to 51% of Pseudomonas or Gram negative 
bacteria) (Miranda and Zemelman, 2002; Akinbowale et al., 2007; Miranda and Rojas, 2007; 
Matyar et al., 2010). In summary, the levels of resistance to aminoglycosides of catfish 
Pseudomonas isolates in Vietnam were lower than those of E. coli implying the higher potency of 
this class of antibiotics against Pseudomonas spp. However, this class was ranked as critically 
important for human medicine (WHO., 2009), therefore the use of aminoglycosides must be 
prudent. Moreover, special concerns or limits of the use of STR must be noticed due to high 
incidences of resistance observed. 
 
The tetracycline group of antibiotic is widely used in aquaculture in many countries including 
Vietnam (Serrano, 2005). The occurrences of resistance to this class (DOX, TET) were observed 
in moderate levels of approximately 25% to 30% of catfish Pseudomonas (Fig. 3.9). These 
findings were corresponding with our previous results in 2007 (30% isolates resistant to OTC) 
(Sarter et al., 2007) and to the study of Miranda et al. (30% isolates resistant to OTC) (Miranda 
and Rojas, 2007) but higher than those found by McPheason et al. in the US and Akinbowale et 
al. in Australia, in which the authors observed most of Pseudomonas spp. susceptible to TET or 
OTC (McPhearson et al., 1991; Akinbowale et al., 2007). However, the results of this study were 
still lower than other reports such as resistance to TET or OTC was found in 44% Pseudomonas 
in Turkey and 100% isolates in Chilean salmon farms (Miranda and Zemelman, 2002; Matyar et 
al., 2010). Similar to aminoglycosides, this class of antibiotic was likely to be more active against 
Pseudomonas spp. than E. coli.  
 
3.3.3.2 Multiple antibiotic resistance  
 
Catfish Pseudomonas spp. isolates were more frequently resistant to multiple antibiotics 
comparing to E. coli. Only one isolate (0.9%) was susceptible to all 14 tested antibiotics (Fig. 
3.10). More than 99% of catfish Pseudomonas showed the multiple resistance. Most of the 
Pseudomonas isolates (82.8%) were resistant to five to nine antibiotics in which the significant 
proportion of isolates (48.3%) fall into the group resistant to six antibiotics. Almost isolates 
(96.6%) were strict multiple resistance (resistant to at least four antibiotics). 
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Figure 3.10. Multiple antibiotic resistance of catfish Pseudomonas spp. 
 
The levels of multiple resistance (99%) and strict multiple resistance (97%) of catfish 
Pseudomonas isolates were higher than those of E. coli (78% and 58%, respectively). However, 
the high occurrence of multiple resistance have been reported in other studies of resistant 
Pseudomonas. In Australia, a total of 94% and 98% of Pseudomonas isolates from sediment and 
fish were resistant to at least two classes of antibiotics and 87% and 94% of them showed 
resistance to more than three classes of antimicrobials (Akinbowale et al., 2007). In Turkey, the 
high incidences of resistance of Pseudomonas spp. to more than three antibiotics were observed 
in all three sampling sites with the levels of more than 95% (Matyar et al., 2010). In Chile, 100% 
of florfenicol resistant bacteria (Pseudomonas spp. predominantly) isolated from different salmon 
farms were resistant to more than two antibiotics, moreover, more than 90% of these isolates 
were resistant to at least four antibiotics (Miranda and Rojas, 2007). Another study by Miranda et 
al. (2002) also found the occurrence of multiple resistance and strict multiple resistance of 
oxytetracycline resistant bacteria at 100% and 97%, respectively. These results were not 
surprising because Pseudomonas spp. isolates were possibly possess mechanisms of intrinsic 
resistance to several classes of antibiotics. 
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3.3.3.3. Antibiotic resistance patterns of catfish Pseudomonas isolates 
 
In total, 31 patterns of multiple antibiotic resistance were found in Pseudomonas spp. isolated 
from catfish and catfish ponds of which 29 patterns corresponding to multiple resistance to at 
least four antibiotics.  Among these 29 strict multiple resistance patterns including 112 
Pseudomonas isolates, the eight most common patterns were shown in Table 3.5 of which more 
than 80% of the multiple resistance Pseudomonas (90 isolates out of 112) fell within these eight 
profiles. Pattern of simultaneous resistance to AMP-AMO-NAL-SXT-CHL-NIT is the most 
common which occurred in 49% (55 isolates out of 112) of multiple resistance Pseudomonas. 
This pattern correlated with the six antibiotics that Pseudomonas spp. were commonly resistant to 
(Fig. 3.9).  
 
Table 3.5. Common resistance patterns of catfish Pseudomonas spp. 
Patterns of multiple resistance No of isolates 
AMP, AMO, NAL, SXT, NIT 4 
AMP, AMO, NAL, SXT, CHL, NIT 55 
AMP, AMO, STR, NAL, SXT, CHL, NIT 8 
AMP, AMO, GEN, TET, NAL, SXT, CHL, NIT 4 
AMP, AMO, CIP, NOR, NAL, SXT, CHL, NIT 3 
AMP, AMO, STR, TET, DOX, NAL, SXT, CHL, NIT 7 
AMP, AMO, GEN, STR, TET, DOX, NAL, SXT, CHL, NIT 3 
AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT 6 
 
3.3.3.4. Multiple Antibiotic Resistance (MAR) index for Pseudomonas spp. isolates 
 
The MAR index values > 0.200 were observed in all farms in case of Pseudomonas spp. 
indicating high risk contamination originated from catfish farm where antibiotics are often used 
(Table 3.6). In general, MAR indices ranged from 0.286 (Farm 2) to 0.908 (Farm 5) with the 
mean value of 0.492. These results are corresponding to those of catfish isolates from catfish 
farm CF3 in Vietnam, where Pseudomonas spp. were predominant or from Pseudomonas isolates 
from from Iskenderun Bay, Turkey (Sarter et al., 2007; Matyar et al., 2010). 
 
Table 3.6. MAR indices for catfish Pseudomonas spp.  
Farm 2 3 4 5 6 9 10 11 12 13 14 15 Mean 
MAR 0.286 0.409 0.437 0.908 0.357 0.475 0.558 0.527 0.476 0.571 0.482 0.414 0.492
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3.3.4. Antibiotic resistance of Aeromonas spp. isolates 
 
3.3.4.1 Antibiotic resistance 
 
Antibiotic resistance of Aeromonas spp. isolated from catfish and catfish ponds exhibited a high 
level of resistance (more than 90%) to β-lactams (AMP, AMO) (Fig. 3.11) since this genus also 
possesses an intrinsic resistance (Rossolini et al., 1996; Hatha et al., 2005; Akinbowale et al., 
2007). Resistance to the group of folic acid synthesis inhibitors (SXT) was  also high at 61%. 
Similar to the results of E. coli, Aeromonas isolates displayed low levels of resistance to second 
generation fluoroquinolones (CIP, NOR) (less than 8%) but a higher frequency was found toward 
the first generation of this class (NAL) (52%). Aminoglycoside resistance (GEN, NEO, and 
KAN) was observed in low incidences in the range of 5% to 12%, however, a moderate level of 
resistance to STR (less than 32%) was shown. The proportion of resistance to tetracycline (35%) 
was higher than that of doxycycline (15%) but this class of antibiotics was in moderate levels of 
resistance. Occurrence of moderate resistance was noticed in the groups of prohibited antibiotics 
for use in aquaculture (CHL, NIT) at levels of 25% to 30%. 
 
 
Figure 3.11. Percentage of catfish Aeromonas spp. resistant to antibiotics tested 
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Considerable similarity was found in the extent of resistance of this genus to β-lactams (AMP, 
AMO) compared with Pseudomonas spp., but these two genera showed much higher incidences 
of resistance comparing to E. coli (Fig. 3.7, 3.9, 3.11). These comparable results were also 
observed in other publications (Hatha et al., 2005; Akinbowale et al., 2007; Jacobs and Chenia, 
2007; Penders and Stobberingh, 2008; Verner-Jeffreys et al., 2009). The findings of this study 
were in accordance with the report of McPheason et al. (1991), in which the authors found 90% 
to 91% of 481 Aeromonas hydrophila isolated from untreated and treated catfish ponds in the US 
resistant to AMP (McPhearson et al., 1991). High incidence of resistance to β-lactams (AMP, 
AMO) of this genus was found worldwide, suggesting the intrinsic resistance (Hatha et al., 2005; 
Akinbowale et al., 2007). Moreover, the prevalence of β-lactamase genes found among 
Aeromonas spp. provided evidence to confirm its high resistance to β-lactams (Walsh et al., 
1995; Rossolini et al., 1996; Walsh et al., 1997). It is likely that in spite of its critical importance 
and most prevalence use in human medicine (Moulin et al., 2008; Collignon et al., 2009), β-
lactams are not effective enough for Pseudomonas and Aeromonas disease treatments. The use of 
this class in aquaculture must be prudent to avoid negative effects on human treatments due to the 
possible transfer of resistant pathogens and commensal bacteria from aquatic environments 
(Heuer et al., 2009). 
 
The high rate of  trimethoprim/sulfamethoxazole resistance (61%) in Aeromonas isolates was 
displayed (Fig. 3.11). These results were higher comparing to the study in rainbow trout farms in 
Australia, in which the authors observed 14.3% and 18.8% Aeromonas spp., isolated from 
sediment and fish, resistant to sulfamethoxazole, respectively, but there was less than 3% isolates 
resistant to trimethoprim (Akinbowale et al., 2007). However, the resistance level was similar to 
the reports in India, Turkey and the UK, of which the authors observed resistance to SXT in 
64.9% to 67% of Aeromonas spp. from fish or the carriage water (Vivekanandhan et al., 2002; 
Verner-Jeffreys et al., 2009; Matyar et al., 2010). Moreover, the results of this study were lower 
than the SXT resistance rate at 80.3% Aeromonas isolates from prawn in India (Vivekanandhan 
et al., 2002). Genes conferring resistance to SUL, such as sul1, sul2, sul3, or to TMP, such as dfr, 
were commonly found in associated with class 1 integrons (Partridge et al., 2009), mobile genetic 
elements that plays important roles in antibiotic gene dissemination (Cambray et al., 2010), 
therefore, the high frequency of SXT resistance found worldwide is of great concern. 
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Resistances to aminoglycosides (GEN, NEO, and KAN) were in the range of 5% to 12% (Fig. 
3.11). That observation was similar to those of E. coli  (6% to 14%) (Fig. 3.7) and Pseudomonas 
(3% to 16%) (Fig. 3.9). The frequency of resistance (31.5%) to another aminoglycoside (STR) of 
this genus was similar with the moderate level in Pseudomonas spp. (27.6%) and lower than that 
of E. coli  (49.7%). In other publications, a wide range of resistance to aminoglycosides was 
exhibited. In general, resistance to GEN was similarly found in fairly low level from 0% to 7.3% 
in Aeromonas spp. (Hatha et al., 2005; Akinbowale et al., 2006; Akinbowale et al., 2007; Jacobs 
and Chenia, 2007). However, in other reports, higher levels from 13.3% (Matyar et al., 2010) to 
even 31% (of warm water Aeromonas spp.) (Verner-Jeffreys et al., 2009) were observed. 
Resistance to NEO was not frequently published, however, in limited papers, far higher levels 
were displayed. For instance, a moderate level of 39% (Verner-Jeffreys et al., 2009) or extremely 
high incidence of 96% (Vivekanandhan et al., 2002) of Aeromonas isolates were resistant to 
NEO. The occurrences of resistance to KAN were found at low level of 5% (Akinbowale et al., 
2006) to moderate level of 20% (Matyar et al., 2010) and even extra high of 95% 
(Vivekanandhan et al., 2002) of Aeromonas isolates. The frequencies of resistance to STR in this 
study were rather high in range of  30% (in Aeromonas spp. and Pseudomonas spp.) to 50% (E. 
coli ) but in agreement with the levels of 26.2% to 33.3% of sediment and fish Aeromonas 
isolates, respectively (Akinbowale et al., 2007) to 49% of warm water Aeromonas (Verner-
Jeffreys et al., 2009). However, other authors found lower incidences of resistance to this 
antibiotic: 15% (Matyar et al., 2010), 7.5% (Vivekanandhan et al., 2002) or even all sensitive 
(Hatha et al., 2005). The differences in resistance levels of Aeromonas isolates implied the 
different routines of using this class of antibiotic worldwide. 
 
The levels of resistance to tetracycline and doxycycline were 34.8% and 15.2% respectively (Fig. 
3.11). In general, these levels were similar to those of Pseudomonas spp. but lower than those of 
E. coli. Resistance to this class of antibiotics in this study was similar to the results of Matyar et 
al. (2010) who found 15% of Aeromonas spp. isolated from Iskenderun Bay, Turkey resistant to 
TET. Akinbowale et al. (2006) also noticed that 18% and 20% of bacteria (Aeromonas spp. 
predominantly) isolated from aquaculture sources in Australia were resistant to TET and OTC, 
respectively. Another report of Akinbowale et al. (2007) found similar results of which 31%  and 
10.5% of Aeromonas spp. isolated from sediment and fish from rainbow trout farms in Australia 
were resistant to OTC. In contrast, in many studies, the authors reported high incidence of 
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resistance to tetracyclines, driven by their widespread used in aquaculture. For instance, high 
levels (33%-40%) of motile Aeromonas in farm-raised fresh water fish in India were resistant to 
OTC (Hatha et al., 2005). A total of 41% and 53% of Aeromonas hydrophila isolated from 
marketed fish and prawn in India were resistant to TET (Vivekanandhan et al., 2002). Higher rate 
(43% and 62%) of Aeromonas hydrophila isolated from treated catfish ponds in the US were 
resistant to TET and OTC, respectively (McPhearson et al., 1991). Research from the Southern 
part of the Netherlands  also reported an OTC resistance level of 65% of motile Aeromonas in 
indoor catfish and eel farms (Penders and Stobberingh, 2008). The highest occurrences of 
resistance to tetracyclines were found in Aeromonas spp. isolated from South African aquaculture 
systems (78%) (Jacobs and Chenia, 2007) or from warm water ornamental fish species (85% to 
91% resistant to TET and OTC, respectively) (Verner-Jeffreys et al., 2009). Tetracyclines are 
approved for use in aquaculture in many countries, as a consequence, high incidences of 
resistance were found worldwide. 
 
Quinolones are contained in the list of prohibited or limited use antibiotics in aquaculture in 
Vietnam (MARD, 2009). The frequencies of resistance to fluoroquinolones (CIP, NOR) were 
low, less than 7.7%, however, resistance to first generation of this class (NAL) was still high at 
52% of total Aeromonas isolates (Fig. 3.11). Generally, the results were in accordance with the 
low levels of resistance to CIP found in many publications (Hatha et al., 2005; Akinbowale et al., 
2006; Akinbowale et al., 2007; Jacobs and Chenia, 2007; Penders and Stobberingh, 2008). 
However, a proportion of 63% of warm water Aeromonas in ornamental fish and their carriage 
water were resistance to CIP (Verner-Jeffreys et al., 2009). Resistance to NAL in this study was 
similar to the level of 46% found by Jacobs and Chenia (2007), but lower than 72% observed by 
Goni-Urriza et al. (2000). However, many authors reported lower rates of resistance to NAL 
(from 5% to 17%) of Aeromonas isolates (Vivekanandhan et al., 2002; Hatha et al., 2005; 
Akinbowale et al., 2006; Matyar et al., 2010). In Vietnam, high levels of resistance to NAL were 
found in catfish isolates and this implies the frequent use of this antibiotic in aquaculture. 
 
CHL and NIT correspond to two banned antibiotics which may still be used in aquaculture in 
many countries (Serrano, 2005). The occurrence of resistance of Aeromonas spp. to these 
antibiotics was at moderate levels of 25% and 30%, respectively (Fig. 3.11). These levels of 
resistance were much lower than those found in Pseudomonas (89% and 91%), but higher than 
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the CHL or NIT resistance in many studies (Vivekanandhan et al., 2002; Akinbowale et al., 2006; 
Akinbowale et al., 2007; Penders and Stobberingh, 2008). However, other studies also showed 
the high levels of resistance to these banned drugs. For instance, Matyar et al. (2010) found that 
23.3% of Aeromonas isolates from Iskenderun Bay, Turkey were resistant to NIT. The higher 
level of CHL resistance at 56% Aeromonas spp. was observed from ornamental fish and their 
carriage water (Verner-Jeffreys et al., 2009). 
 
3.3.4.2 Multiple antibiotic resistance 
 
Only two isolates (2.2%) of catfish Aeromonas were susceptible to all 14 tested antibiotics (Fig. 
3.12). A total of 92.4% of Aeromonas isolates exhibited resistance to at least two antibiotics. The 
highest proportions of  multiple resistance of Aeromonas isolates were of simultaneous resistance 
to two antibiotics (23.9%) and six antibiotics (16.3%). More than 80% of total isolates were 
resistant to 2-7 antibiotics. Strict multiple antibiotic resistance (MAR) (resistance to at least four 
antibiotics) was displayed in approximately 62% of the total Aeromonas isolates. One isolate was 
observed to be resistant to all 14 tested antibiotics.  
 
 
Figure 3.12. Multiple resistance of catfish Aeromonas spp. 
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In general, multiple resistance of Aeromonas isolates were at higher levels comparing to those of 
E. coli of which about 78% and 58% of E. coli isolates showed multiple resistance and strict 
multiple resistance, respectively (Fig. 3.8). However, these results were still lower what we found 
in Pseudomonas spp. where 97% isolates exhibited strict multiple resistance (Fig. 3.10). The 
results of multiple resistance of Aeromonas spp. were comparable to the findings of Akinbowale 
et al. (2007) in Australia. These authors found that 79% and 90% of Aeromonas isolated from 
sediment and fishes from rainbow trout farms were resistant to at least two classes of antibiotic 
and 40.5% and 37.5% of them were resistant to more than three classes (Akinbowale et al., 
2007). These authors also reported 37.5% of aquaculture sources’ isolates in Australia resistant to 
more than three classes of antibiotics (Akinbowale et al., 2006). In other studies on multiple 
resistance of Aeromonas spp., higher levels were shown. For instance, 87% warm water 
Aeromonas isolates from ornamental fish were resistant to at least three classes of antibiotics, 
moreover, 64% and 50% isolates were resistant to more than seven and 15 antibiotics, 
respectively (Verner-Jeffreys et al., 2009). In a major fish market of South India, 100% of 
Aeromonas hydrophila isolated from fish were resistant to at least three antibiotics and 100% of 
isolates from prawn were resistant to 8-13 antibiotics (Vivekanandhan et al., 2002). 
 
3.3.4.3 Antibiotic resistance patterns of catfish Aeromonas spp. isolates  
 
In total, 54 patterns of resistance were observed in 90 resistant Aeromonas spp., in which 50% of 
these isolates fell into the 11 most common patterns (Table 3.7). The highest frequency was 
resistant to β-lactams (AMP, AMO) with 23.3% of catfish Aeromonas spp. shown. 
 
Table 3.7. Common resistance patterns of catfish Aeromonas spp. 
Patterns of multiple resistance No of isolates 
NAL 3
AMP, AMO  21
AMP, AMO, NAL 4
AMP, AMO, NAL, SXT 2
AMP, AMO, SXT, NIT 2
AMP, AMO, TET, NAL, SXT 2
AMP, AMO, STR, NAL, SXT 2
AMP, AMO, NAL, SXT, CHL 2
AMP, AMO, NAL, SXT, CHL, NIT 3
AMP, AMO, STR, TET, DOX, SXT, CHL 2
AMP, AMO, STR, TET, DOX, NAL, SXT 2
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3.3.4.4 Multiple Antibiotic Resistance (MAR) index for Aeromonas spp. isolates 
 
The MAR index values > 0.200 (the mean value of 0.393) were observed in almost farms in case 
of Aeromonas spp. with the ranges from 0.19 (Farm 9) to 0.571 (Farm 6) (Table 3.8). This mean 
value indicated that farms corresponded to high-risk exposed-antibiotic sources. MAR index 
values for Aeromonas strains were higher than those of E. coli (0.366) but lower than those of 
Pseudomonas isolates (0.492) (Table 3.4, 3.6). These results were comparable to the studies of 
resistant Aeromonas in Turkey and South African (Jacobs and Chenia, 2007; Matyar et al., 2010) 
and were less than those of resistant A. hydrophila from marketed fish and prawn of South India 
(Vivekanandhan et al., 2002) 
 
Table 3.8. MAR indices for catfish Aeromonas spp. 
FARM 6 7 9 10 11 12 13 14 15 Mean
MAR 0.571 0.327 0.190 0.518 0.548 0.386 0.357 0.244 0.397 0.393
 
3.3.5. Antibiotic resistance of total catfish commensal bacteria 
 
3.3.5.1 Antibiotic resistance 
 
After detailed analysis of the incidence of resistance in each of the three most common genera 
from catfish and from culture ponds, the results were combined for a total measure of commensal 
flora of catfish bacteria in Vietnam in order to have a better view on the current status of 
antibiotic resistance in this industry. Overall, resistances to antibiotics that are frequently used in 
aquaculture, including β-lactams (AMP, AMO), trimethoprim/sulfamethoxazole (SXT), and first 
generation of quinolones (NAL) were in high frequencies (Fig. 3.13). The levels of resistance to 
prohibited antibiotics for use in aquaculture (CHL, NIT) were rather high due to the unexpectedly 
increasing resistance of Pseudomonas spp. (they possibly possess intrinsic mechanisms of 
resistance). Tetracycline resistance was not as significant compared to other papers (McPhearson 
et al., 1991; Miranda and Zemelman, 2002; Jacobs and Chenia, 2007; Verner-Jeffreys et al., 
2009). Considerable proportions of susceptibility to aminoglycosides (NEO, GEN, KAN) and 
fluoroquinolones (CIP, NOR) were observed, except for the moderate resistance to STR (38.1%). 
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Figure 3.13. Percentage of catfish commensal bacteria (E. coli, Pseudomonas spp, Aeromonas 
spp.) resistant to antibiotics tested. 
 
Resistance to β-lactams (AMP, AMO), one of the most widely used antibiotic for the treatment of 
infectious diseases in human and animals (Appelbaum and Hunter, 2000; Moulin et al., 2008), 
was frequently of approximately 80% of total isolates (Fig. 3.13). The extremely high incidences 
of resistance were found in Pseudomonas spp. and Aeromonas spp. (more than 90%) (Fig. 3.9, 
3.11) rather than E. coli  (60%) (Fig. 3.7). Gram-negative bacteria especially Pseudomonas spp. 
and somewhat Aeromonas spp. possess intrinsic resistance mechanisms to β-lactams such as 
outer membrane impermeability, efflux pumps, β-lactamase enzymes (Walsh et al., 1995; 
Rossolini et al., 1996; Walsh et al., 1997; Hancock and Speert, 2000; Livermore, 2002; Poole, 
2004; Hatha et al., 2005; Babic et al., 2006; Alvarez-Ortega et al., 2010). Therefore a high level 
of resistance to β-lactams was predictable for catfish Gram-negative bacteria flora. The findings 
in this study were comparable to other studies of bacteria isolated from catfish in the US, the 
Netherlands and other farm raised fishes, ornamental fishes or aquatic environments in Australia, 
America, Denmark, Singapore, India and South Africa (McPhearson et al., 1991; Schmidt et al., 
2000; Hatha et al., 2005; Akinbowale et al., 2007; Jacobs and Chenia, 2007; Penders and 
Stobberingh, 2008; Verner-Jeffreys et al., 2009). The high frequencies of β-lactam resistance 
found in catfish isolates in Vietnam, worldwide fish and aquatic environmental isolates, reflect 
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the global spread of this resistance in aquaculture. Therefore, the use of these antibiotics in 
aquaculture must be of great concerns or limited.  
 
Trimethoprim/sulfamethoxazole is widely used in human clinical treatments due to its wide 
antibacterial spectrum with synergistic effects on bacterial folic acid synthesis (Huovinen, 2001). 
In aquaculture, this combination of two antibiotics is frequently used for treatment of Gram 
negative infectious diseases caused by E. coli, Aeromonas spp., Pseudomonas spp. and Vibrio 
spp. in many countries, including Europe, America to Asia (Serrano, 2005). This may lead to the 
high levels of resistance encountered against SXT with proportions of 72% of total catfish 
isolates (Fig. 3.13). Again, Pseudomonas spp. isolates showed the highest rate of resistance 
(more than 90%). These results were higher than those from our previous study in 2007 with the 
rate of SXT resistance at 60% Gram negative bacteria (Sarter et al., 2007). Similarly, a total of 
25% to 70% of bacteria isolated from freshwater Chilean salmon farms were resistant to SXT 
(Miranda and Rojas, 2007). The results from this study were also higher than the levels of SXT 
resistance (less than 17%) of bacteria isolated from fish and from aquaculture sources in Chile 
and Australia (Miranda and Zemelman, 2001; Akinbowale et al., 2006). However, other authors 
reported that 100% Gram negative bacteria in fish farms and control sediment of the Western 
Mediterranean were resistant to SXT (Chelossi et al., 2003). These results reflected the 
widespread use of this combination of antibiotics in aquaculture worldwide. In Vietnam, both 
antibiotics above were listed for limited use in aquaculture since 2005 (MARD, 2009), however, 
with the findings of this study, fish farmers should consider the prudent use of these antibiotics 
due to their low efficiencies. 
 
Quinolones are one of the largest classes of antimicrobial agents used worldwide in human 
disease treatment such as enteric fever (typhoid fever and paratyphoid fever), a severe systemic 
disease (Erdal Akalin, 1999). They have rapid bactericidal effects against most susceptible 
organisms, a broad spectrum of activity and good bioavailability (Wolfson and Hooper, 1989). 
Quinolone resistance in environmental isolates has been often observed at low level of less than 
25% (McKeon et al., 1995; Miranda and Zemelman, 2001; Miranda and Zemelman, 2002; 
Akinbowale et al., 2006). However, in our previous study, resistance to NAL, first generation of 
quinolones, was encountered in more than 50% of isolates (Sarter et al., 2007). Chelossi et al. 
(2003) also reported the level of resistance to nalidixic acid of approximately 70% of bacterial 
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isolates. The findings of this study showed resistance to CIP and NOR at fairly low level of less 
than 10% catfish isolates, however, resistance to NAL was displayed in up to 60% total isolates 
(Fig. 3.13). In Vietnam, quinolones were contained in both lists of prohibited and limited 
antibiotics used in aquaculture dependent on the export markets (MARD, 2009). However, with 
the reported high incidence of resistance, the prudent use of NAL in aquaculture is of special 
concern due to possible ability of cross-resistance to other fluoroquinolones (Wolfson and 
Hooper, 1985). In addition, most of NAL resistance isolates have a single point mutation in the 
DNA gyrase gene whilst NOR, CIP resistance are usually associated with two or more 
chromosomal point mutations. Therefore, the high prevalence of NAL resistance poses a risk for 
the development of fluoroquinolone resistance through a second mutation (Lindgren et al., 2005; 
Crump et al., 2011). 
 
Nitrofurantoin (NIT) and chloramphenicol (CHL) correspond to two prohibited antibiotics for 
use in animal practices as well as in aquaculture worldwide (Serrano, 2005). CHL is only used at 
therapeutic doses for the treatment of serious human infectious diseases due to a number of 
adverse effects (Schwarz et al., 2004). Because no safe level of human exposure to this antibiotic 
is established, the use of this antibiotic is prohibited in animal feed products and food animals to 
protect consumer from potential adverse effects arising from its residues in carcasses of food 
animals in the US, Canada, Japan and the EU (Schwarz et al., 2004; Serrano, 2005). Nitrofurans 
are considered as a group of antibiotics that effective to a variety of human pathogenic bacteria 
(McCalla, 1983). However, the demonstrated toxicities and mutagenicities of various derivatives 
lead to its ban of use in animal feeds and animal health practices (McCalla, 1983; Serrano, 2005). 
As a consequence, seafood export countries such as Vietnam, China, Thailand added these 
antibiotics to their banned lists of use in aquaculture (Serrano, 2005). In this study, resistances to 
these antibiotics were from moderate to high levels (Fig. 3.13). In fact, the incidences of 
resistance to these antibiotics in E. coli and Aeromonas spp. isolates were relatively low (Fig. 3.7, 
3.11), the leap of resistance occurred in Pseudomonas spp. was possibly due to the existence of 
intrinsic resistance such as efflux mechanisms, causing low permeability of outer membrane of 
Pseudomonas spp. to chloramphenicol (Burns et al., 1989; Li et al., 1994). In addition, in the 
absence of CHL use, resistance to CHL can be maintained by genetic linkage to genes encoding 
resistance to antibiotics that approved for use in animal feeds and farm managements (Bischoff et 
al., 2005). In the case of nitrofurans, although the specific modes of action or mechanisms of 
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resistance are still unknown, the low incidence of resistance often observed due to the difficulties 
of yielding resistance (the combination of nitrofurantoin’s multiple sites of attack and multiple 
mechanisms of action) (McOsker and Fitzpatrick, 1994) and the fitness cost if possessing 
resistance in the absence or presence of NIT at therapeutic levels (Sandegren et al., 2008). Our 
collection of catfish Pseudomonas spp. showed unusual high incidence of resistance suggesting 
that possible intrinsic resistance to nitrofurans might exist. 
 
The levels of resistance to other groups of antibiotics ranged from relatively low frequency such 
as aminoglycosides (GEN, NEO, and KAN) to moderate including tetracyclines (TET and DOX) 
and other aminoglycosides (STR) (Fig 3.13). Tetracycline use is widespread in aquaculture and 
has resulted in high levels of resistance in many reports in the US, Netherland, Chile 
(McPhearson et al., 1991; Miranda and Zemelman, 2001; Miranda and Zemelman, 2002; Penders 
and Stobberingh, 2008), but a lower rate of resistance was found in this study.  
The aminoglycosides are one of the oldest classes of antimicrobials. Their broad-spectrum 
resulting in extensive use for the treatment of many bacterial infections (Davies and Wright, 
1997; Durante-Mangoni et al., 2009). However, in the results of this study, resistance to this 
group (GEN, NEO, KAN) was fairly low, corresponding to reports from other authors (Miranda 
and Zemelman, 2001; Miranda and Zemelman, 2002; Akinbowale et al., 2006).  
 
In this group, STR appear to be the most common use in aquaculture, as a consequence, the 
frequency of resistance to this antibiotic was high at 38% of total isolates. In addition, high 
incidence of resistance to STR comparing to other aminoglycosides was possibly due to the 
association of gene pair strA/strB (conferring resistance to STR) and sul2 (conferring resistance 
to sulfonamide that widely used in aquaculture) (Soufi et al., 2011) (Section 4.3.9),  therefore, co-
transfer between STR resistance phenotype and resistance to antibiotic frequently used in 
aquaculture such as sulfonamides or SXT could occur. Other explanations will be discussed 
further in Chapter 4 of which the principle causes in brief were the prevalence of genes 
conferring resistance to STR (aadA gene) found in class 1 integrons, the systems that play 
important roles in dissemination of antibiotic resistance (Chapter 4 – Table 4.4, 4.5, 4.6). 
Moreover, the evidence of transferability of STR resistance phenotypes via the two main 
mechanisms of horizontal gene transfer, transformation and conjugation between interspecies and 
intraspecies were observed supporting the high levels of resistance (Chapter 4 – Table 4.10, 4.11, 
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4.12, 4.14, 4.15). Other possible explanations are based on the context of mutations, streptomycin 
has only a single ribosomal binding site, therefore it is easily compromised by high frequency 
mutations that alter this site, especially with high selective pressure (Livermore, 2005). Whereas, 
other aminoglycosides have multiple binding sites and are not compromised so easily. The results 
of this study were in accordance with Miranda et al. (2002), who also found 35% of bacteria from 
fresh water Chilean salmon farms resistant to STR. However, these results were much lower than 
those reported by Chelossi et al. (2003) of which 76.9% Gram negative isolates were resistant to 
SXT (Chelossi et al., 2003).  
 
TET, DOX, STR are antibiotics that widely used in aquaculture in Vietnam, however, the levels 
of resistance were higher in E. coli than in Aeromonas and Pseudomonas isolates implying that 
the efficiencies of these antibiotics against oxidase-positive bacteria such as Aeromonas spp. and 
Pseudomonas spp. were likely to be more effective than an oxidase-negative isolates such as E. 
coli (Fig. 3.7, 3.9, 3.11). 
 
3.3.5.2 Multiple antibiotic resistance 
 
A total of 88.5% catfish isolates were resistant to more than two antibiotics and 71.5% were 
resistant to at least four antibiotics (Fig. 3. 14). Only 5.2% of isolates were susceptible to all 14 
tested antibiotics. Simultaneous resistance to six antibiotics was observed in 27.7% of bacteria. 
More than 60% of the total isolates were resistant to four to nine antibiotics which may result in a 
risk of compromising veterinary health management of the catfish industry in Vietnam in the 
future. Only one isolate (0.27%), which belongs to Aeromonas spp., exhibited resistance to all 14 
tested antibiotics and high multiple resistance to 10 or more antibiotics was displayed in 9% 
Gram negative catfish bacteria. 
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Figure 3.14. Multiple antibiotic resistance of catfish commensal bacteria (E. coli, Pseudomonas 
spp, Aeromonas spp.) 
 
3.3.5.3 Multiple Antibiotic Resistance (MAR) index for total catfish isolates 
 
Multiple antibiotic resistance (MAR) index was calculated for each taxonomy group as well as 
each province to indicate the high or low risk of exposure to antibiotic sources. MAR indices 
calculated for all the genera of catfish isolates have the values of greater than 0.200 indicating 
high risk contamination originating from catfish farms, where antibiotic use is common (Table 
3.9). The MAR index values for E. coli ranged from 0.310 in Ben Tre province to highest level of 
0.477 in An Giang with the mean value of  0.366. These values demonstrated that all E. coli 
might have originated from high risk sources of contamination. Similarly, the average MAR 
index values of Pseudomonas spp. and Aeromonas spp. were 0.491 and 0.393 and the highest 
MAR index values of these genera were observed in An Giang and Dong Thap province, 
respectively. These results confirmed the possible origins from high risk sources of 
contamination of Gram negative isolated bacteria.  
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MAR indices were calculated for each province with the values in the range from 0.331 of Vinh 
Long to 0.536 of An Giang province and the average index value was 0.428. These MAR index 
values indicated that the five representative provinces corresponded to high-risk exposed-
antibiotic sources. 
 
Table 3.9. MAR indices for total commensal bacteria 
Provinces E. coli  Pseudomonas Aeromonas Mean 
Ben Tre 0.363 0.475 0.190 0.348 
Dong Thap 0.323 0.360 0.571 0.374 
Can Tho 0.391 0.486 0.371 0.422 
An Giang 0.477 0.602 0.488 0.536 
Vinh Long 0.310 0.482 0.285 0.331 
Mean 0.366 0.492 0.393 0.428 
 
 
3.4. Conclusion 
 
A total collection of  157 E. coli, 116 Pseudomonas spp. and 92 Aeromonas spp. were isolated 
from catfish and catfish pond water and sediment, all termed catfish isolates, from five 
representative provinces in the Mekong Delta region. Catfish isolates were assessed for their 
levels and patterns of resistance to 14 antibiotics, belonging to eight different classes that are 
widely used in aquaculture in Vietnam. Multiple antibiotic resistance (MAR) indices were 
calculated to indicate low or high risk exposed antibiotic sources of each genus as well as 
province in this region. 
 
In general, β-lactams (AMP, AMO), inhibitors of folic acid synthesis group (SXT), first 
generation of quinolones (NAL), tetracyclines (TET, DOX), and aminoglycosides (STR) were 
frequently used in catfish industry in this region resulting in the high incidences of resistance. 
However, the high resistance levels to these antibiotics were commonly found in Gram negative 
isolates of intensive fish farms or affected environments worldwide. The high frequencies of 
resistance observed in catfish isolates in Vietnam, worldwide fish and aquatic environmental 
isolates, reflect the global spread of resistance due to aquaculture. Therefore, antibiotic usage in 
aquaculture must be of great concern.  
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The frequencies of resistance to two prohibited antibiotics (CHL and NIT) in aquaculture were 
moderate due to unexpectedly high levels of resistance observed in catfish  Pseudomonas 
isolates. The unusual results might be explained by possible possession of efflux mechanism(s) 
contributing to intrinsic resistance that results in low permeability of outer membrane of 
Pseudomonas strains to chloramphenicol  (Burns et al., 1989; Li et al., 1994) or co-selection with 
other resistance markers (Bischoff et al., 2005). Catfish Pseudomonas isolates might also possess 
a possible intrinsic resistance to NIT resulting in their high levels of resistance.  
 
Resistance to aminoglycoside antibiotics was fairly low in case of GEN, NEO and KAN, 
however, STR resistance was at higher level. This could be explained by the fact that STR is 
widely used in aquaculture in Vietnam. In addition, association between gene pair strA/strB 
(conferring resistance to STR) and sul2 (conferring resistance to sulfonamide, a antibiotic widely 
used in aquaculture) was reported, therefore, co-transfer might occurred (Soufi et al., 2011). 
Other explanations were the prevalence of gene conferring resistance to STR (aadA gene) found 
in class 1 integrons and the evidences of transferability of STR resistance phenotypes (further 
discussed in Chapter 4). Moreover, streptomycin has only a single ribosomal binding site, 
therefore it is easily compromised by high frequency mutations that alter this site, especially in 
the high selective pressure environments (Livermore, 2005).  
 
Occurrence of resistance to fluoroquinolones (CIP and NOR) was infrequent with less than 10% 
of the isolates resistant. However, resistance to first generation of quinolones, NAL, was high 
causing great concerns on prudent use of this antibiotic due to possible cross-resistance to other 
quinolones (Wolfson and Hooper, 1985). In addition, single mutation induces the resistance to 
NAL which may hasten resistance to CIP through a second mutation (Crump et al., 2011).  
 
TET, DOX, STR are widely used in aquaculture in Vietnam, however, their efficiencies against 
oxidase-positive Gram negative bacteria such as Aeromonas spp. and Pseudomonas spp. were 
likely to be more effective than an oxidase-negative isolates such as E. coli.  
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Pseudomonas spp. showed a higher incidence of resistance to tested antibiotics than Aeromonas 
spp. and E. coli, possibly due to their possessions of mechanisms contributing to intrinsic 
resistance to several antibiotics (Burns et al., 1989; Li et al., 1994; Kohler et al., 1996; Hancock 
and Speert, 2000; Poole, 2004).  
 
Multiple resistance can be found in more than 88% of all catfish isolates. Occurrence of multiple 
antibiotic resistance bacteria in Pseudomonas spp. was in higher level than those in E. coli and 
Aeromonas spp. that can be observed by the highest values of MAR index of Pseudomonas spp. 
The MAR index values also indicated that the five representative provinces corresponded to 
high-risk exposed-antibiotic sources. 
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CHAPTER 4 – MOLECULAR CHARACTERISATION OF CLASS 
1 AND CLASS 2 INTEGRONS IN RESISTANT BACTERIA (E. 
COLI, PSEUDOMONAS SPP. AND AEROMONAS SPP.) 
ISOLATED FROM CATFISH IN VIETNAM. 
 
4.1. Introduction 
 
The introduction of antibiotics is one of the most important discoveries of pharmacology (Rubin, 
2007) and antibiotics play a key role in the control of infectious diseases in humans and animals 
(Shlaes, 2010). However, the intensive use of antibiotics in intensive animal farming has 
necessitated that some bacteria develop resistance to antibiotics to survive (Salyers and Amábile-
Cuevas, 1997; Stuart, 2005). Therefore there has been a dramatically increase in the resistance 
among pathogens and commensal flora (Teuber, 2001; Andersson and Hughes, 2010). Bacterial 
resistance, including multiple resistances have emerged as serious global health concerns (Snary 
et al., 2004). Resistant bacteria may transfer resistance genes to other species or genera in the 
environment and cause the widespread resistance (Barza, 2002; Davies and Davies, 2010). 
Resistant bacteria from aquatic environments can infect humans through the food chain or direct 
contact and transfer their resistance genes to human flora or related human pathogens (Heuer et 
al., 2009; Klaus, 2009).  
 
The dissemination of resistance genes among environmental and commensal bacteria is most 
commonly caused by acquiring resistance through horizontal gene transfer (Davies, 1994; Davies 
and Davies, 2010). Horizontal gene transfer has a significant role in bacterial evolution, 
especially for the widespread distribution of antibiotic resistance genes. Bacterial or viral genetic 
elements can be transferred and integrated into chromosomes of prokaryotes, eukaryotes, plants 
or even animals by known genetic mechanisms of transformation, transduction and conjugation 
(de la Cruz and Davies, 2000). To understand the transferability of mobile genetic determinants, 
many publications which concentrated on plasmid conjugation or to a lesser extent on 
transformation have been conducted (Dröge et al., 1998; Sander and Schmieger, 2001; Thomas 
and Nielsen, 2005). Transduction received less concerns possibly due to its unavailability of 
transducing phages or bacterial hosts (Sander and Schmieger, 2001). Horizontal gene transfer is 
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favoured by mobile genetic elements such as conjugative plasmids, phages and transposons. 
However, integrons, defective transposon derivatives, which are commonly harboured on 
plasmids and transposons, have emerged with multiple resistance features in clinical and 
environmental bacteria, due to the capability of mobilisation and expression of antibiotic 
resistance gene cassettes (Collis and Hall, 1992; Collis and Hall, 1995).  
 
There are five different classes of mobile integrons which have been identified to date, besides 
chromosomal integrons, which are usually not involved in resistance phenotypes (Cambray et al., 
2010). They are distinguished by variations on the sequence of the encoded integrases (40%-58% 
identity). Although all five classes have been associated with antibiotic resistance determinants, 
the first three have been involved in the spreads of multiple resistances (Mazel, 2006). Class 1 
integron was first described and termed by Stokes and Hall in 1989 and to date they still remain 
the most prevalent and extensively studied class (Stokes and Hall, 1989; Partridge et al., 2009). 
Class 2 integron is exclusively associated with Tn7 transposons and their derivatives (Cambray et 
al., 2010). The integrase gene of class 2 integrons shared 46% identical to the sequence of the 
class 1. The gene encoding the integrase in class 2 integrons contains a nonsense mutation in 
codon 179, a stop codon, resulting in an inactive 178 amino acid protein (Hansson et al., 2002).  
Recently, a functional class 2 integron was described by Márquez et al. from an E. coli strain in 
which the stop codon is replaced by a glutamine codon (Marquez et al., 2008). The first class 3 
integron was isolated from a carbapenem-resistant Serratia marcescens strain (Arakawa et al., 
1995) and characterised (Collis et al., 2002). The other two classes of mobile integrons, class 4 
and class 5, are associated with trimethoprim resistance phenotypes in Vibrio species (Sorum et 
al., 1992; Hochhut et al., 2001). Classes 1 and 2 are most common in multiple resistant bacteria 
and they are of concern due to their capability of mobilisation to spread between intraspecies and 
interspecies (White et al., 2001). 
 
Class 1 integrons generally consist of two conserved segments (5’-CS and 3’-CS), separated by a 
cassette array (Rodríguez et al., 2006). The 5’-CS region contains the integrase gene intI1 
(encodes a site-specific tyrosine recombinase), an adjacent site, attI1 (primary recombination 
site), and a promoter (Pc) for the expression of the cassette-encoded genes (Labbate et al., 2009; 
Cambray et al., 2010). The 3’-CS of class 1 integrons is composed of a qacEΔ1 gene (confers 
resistance to quaternary ammonium compounds), a sul1 gene (confers resistance to sulfonamides) 
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and two open reading frames (orf5 and orf6) of unknown function (Partridge et al., 2009). 
However, class 1 integrons lacking 3’-conserved segment, untypical class 1 integrons, were 
reported (Bischoff et al., 2005; Antunes et al., 2007; Toleman et al., 2007; Sunde et al., 2008; Liu 
et al., 2009; Partridge et al., 2009). Gene cassette arrays of these untypical class 1 integrons 
cannot be amplified by using 5’-CS and 3’-CS standard primers (Lévesque et al., 1995; Partridge 
et al., 2009). Possible genetic linkage between sul3 gene and untypical class 1 integrons was 
recently reported (Sáenz et al., 2010; Vinué et al., 2010; Soufi et al., 2011). Other sulfonamide 
resistance genes including sul1 and sul2 were associated with typical class 1 integron (a part of 
3’-CS) and streptomycin resistance gene pair strA/strB in plasmid, respectively (Partridge et al., 
2009; Soufi et al., 2011). Therefore, sulfonamide resistance genes may play important role in 
antibiotic resistance dissemination.  
 
A gene cassette is a small mobile element, consisting of single gene without promoter but a 
recombination site, which is captured by integrons (Partridge et al., 2009; Cambray et al., 2010). 
Many cassettes could be integrated into integrons causing multiple resistance. Most cassette 
arrays described have two or three gene cassettes, which often confer resistance to different 
classes of antibiotics. The most number of antibiotic resistance gene cassettes carried by a single 
class 1 integron was reported of nine. To date, more than 130 different cassettes conferring 
resistance to almost every known antibiotic were identified. 
 
Methods for rapid extraction of plasmid have been reported (Humphreys et al., 1975; Bimboim 
and Doly, 1979; Holmes and Quigley, 1981; Kado and Liu, 1981; Birnboim, 1983). Due to the 
cost, time consuming, availability of chemicals, wide application to various bacteria and ranges 
of sizes of plasmid extracted, rapid procedure from Kado and Liu (1981) was chosen. 
 
In Vietnam, studies on integrons and resistance gene transfer mechanisms have been conducted 
in clinical isolates (Dalsgaard et al., 1999; Naas et al., 2000; Cao et al., 2002; Iversen et al., 2003; 
Vo et al., 2010). Very limited studies have been published on non-human isolates such as food-
borne pathogens (Van et al., 2007), animal pathogens (Vo et al., 2010) and catfish pathogens (Tu 
et al., 2008). Limited information on molecular antibiotic resistance and resistance transfer 
mechanisms of aquatic environmental and  fish commensal bacteria in Vietnam, especially 
catfish, is available except for one study on Edwardsiella ictaluri, the most concern catfish 
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pathogen (Tu et al., 2008). Aquatic bacterial resistance and multiple resistance profiles from 
different environments, areas and/or countries are distinct by virtue of farming practices and 
health management (Peres et al., 2007), therefore, it is significant to understand resistance 
mechanisms and transferability of commensal bacteria from catfish farm in Vietnam to have 
better control of the spread of antibiotic resistance. 
 
The aims of this chapter are: 
 
• To assess the prevalence of class 1 and 2 integrons in catfish isolates. 
• To detect the presence of plasmids in catfish isolates. 
• To examine antibiotic resistance genes harboured in class 1 and 2 integron and their 
transferability via two common gene transfer mechanisms: transformation and 
conjugation. 
• To investigate untypical class 1 integrons in catfish isolates and their possible linkage to 
sul2, sul3 genes to preliminary study on cassette variable regions of these integrons. 
 
4.2. Materials and methods 
 
4.2.1 Sub-collection of catfish isolates for further resistance molecular analysis  
 
A sub-collection of 66 E. coli isolates was chosen randomly from the total collection of 157 E. 
coli isolated from catfish and ponds in Mekong Delta including batch 1 (44 E. coli), focused on 
the most resistance and the most sensitive isolates, and batch 2 (22 E. coli) randomly chosen from 
the rest of 113 catfish E. coli isolates for further molecular analysis of antibiotic resistance. 
 
Similarly, sub-collections of 67 Pseudomonas and 53 Aeromonas spp. isolates were randomly 
chosen among the total collection of 116 Pseudomonas and 92 Aeromonas spp. isolates, 
respectively from catfish and from catfish ponds in the Mekong Delta.  
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4.2.2. Isolation of plasmid DNA of catfish isolates (E. coli, Pseudomonas and 
Aeromonas spp.) 
 
Bacterial isolates were sub-cultured in 10 ml LB-broth containing appropriate antibiotic at 370C  
to exponential stage (16h-18h, shaking). A volume of 1.5 ml of culture was harvested by 
centrifugation at 3700 x g for 5 min in micro-centrifuge (ambient temperature). The pellet was re-
suspended in 200 μl TE buffer. Then cells were lysed by adding 400 μl of lysis solution 
(contained 3% (w/v) SDS and 50 mM Tris (pH 12.6)) followed by gentle inversion of the tubes to 
minimise shearing of  chromosomal DNA. The mixture was incubated at 60ºC for 1 hour. 
Impurities including proteins and chromosomal DNAs were then precipitated by the addition of 
900 μl 1:1 (v/v) phenol-chloroform. The precipitate was removed by centrifugation (16,100 x g, 5 
minutes, ambient temperature). These steps of purifying were repeated when necessary. The 
aqueous DNA solution was then freed of phenol by extraction with 1 volume of chloroform and 
again centrifuged at 16,100 x g for 5 minutes. The upper aqueous layer containing plasmid DNA 
was collected into a new centrifuge tube and either loaded on a gel for electrophoresis or stored at 
-20ºC. The gel was prepared at 0.7% of  agarose, and electrophoresis carried out at 70V for 2.5 h. 
Strain Salmonella typhimurium ATCC 14028 containing 95 kb and 8-38 kb  plasmids was used 
as positive control. 
 
4.2.3. Detection of class 1 and class 2 integrons 
 
To detect class 1 and class 2 integrons, two pairs of primers including HS463a/HS464 for 
detecting class 1 integron (IntI1 gene) and RB201/RB202 for detecting of class 2 integron (IntI2 
gene) were used. The detailed sequences of two pairs of primers were: HS463a: 5’-
CTGGATTTCGATCACGGCACG-3’; HS464: 5’-ACATGCGTGTA AATCATCGTCG-3’  and 
RB201: 5’-GCAAACGCAAGCATTCATTA-3’; RB202: 5’-ACGGATATGCGACAAAAAGG-
3’ (Barlow et al., 2004). Boiled cell lysates were used as DNA templates. Strain S. typhimurium 
DT104 and E. coli EC8157 (kindly provided by Prof. Hatch Stokes) which contained IntI1 and 
IntI2 gene, respectively, were used as positive controls.  
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4.2.4. Cassette array PCR amplification of class 1 integrons 
 
Gene cassette region of class 1 integrons were amplified by primer pair Int1-F and Int1-R 
described previously (Lévesque et al., 1995). Primers’ sequences were: Int1-F: 5’- 
GGCATCCAAGCAGCAAGC-3’ and Int1-R: 5’-AAGCAGACTTGACCTGAT-3’. Boiled cell 
lysates were used as DNA templates. Strain S. typhimurium DT104 which contained 1.0 kb and 
1.2 kb cassette arrays was used as positive control.  
 
4.2.5. RFLP digestion of cassette array PCR products of class 1 integrons 
 
PCR products of the gene cassette regions of class 1 integron positive strains were digested by 
restriction enzymes to examine whether amplicons had the same contents. Three different 
restriction enzymes were chosen toward individual size of amplicons. Isolates that shown the 
same RFLP patterns were presumed as identical and one representative of those was then purified 
using QIAquick gel extraction kit (QIAGEN) before sequencing.  
 
To determine appropriate restriction enzymes for RFLP digestion of cassette arrays, a large 
numbers of cassette arrays of class 1 integrons on NCBI were screened. Their nucleotide 
sequences were then analysed by The Clone Manager 7, version 7.11 software to search for 
restriction sites. A number of restriction enzymes were chosen for each cassette array amplicon. 
Finally, restriction enzymes used for 1.9 kb amplicons were  EcoRI (buffer H, 370C), HindIII 
(buffer E, 370C), BglI (buffer D, 370C); for 1.7 kb amplicons were  EcoRV (buffer D, 370C), 
DraI (buffer B, 370C), PstI (buffer H, 370C); for 1.2 kb amplicons were HincII (buffer B, 370C), 
SacI (buffer J, 370C), and NsiI (buffer D, 370C); and for 1 kb amplicons were HinfI (buffer B, 
370C), BglI (buffer D, 370C), BclI (buffer C, 500C). Restriction endonucleases used in this study 
were purchased from Promega (USA). Digestions were performed according to the 
manufacturer’s instructions. The composition of reagents for digestion comprised of 3 µl of 
DNA, 0.5-1 µl of restriction enzyme, 0.2 µl of BSA, 2 µl of appropriate restriction enzyme buffer 
and sterile molecular grade water to the total volume of 20 µl. Digests were incubated at 
appropriate temperature of restriction enzymes used (usually at 370C or 500C) for 1-4 h. 
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4.2.6. DNA purification  
 
Cassette array PCR products of class 1 integrons were cut out from agarose gel and purified using 
QIAquick Gel Extraction Kit from QIAGEN (Germany) following the manufacturer’s 
instructions. 
 
4.2.7. DNA sequencing 
 
Purified cassette arrays were measured quantity and quality by both spectrophotometer 
(OD260/OD280) and agarose gel electrophoresis followed standard protocols required from 
sequencing company (Australian Genome Research Facility (AGRF) Ltd. company). Samples 
were sent to AGRF in 1.5 ml labeled flip-cap tube of total 12 µl of pre-mixed DNA template and 
primer for sequencing. 
 
4.2.8. DNA sequence analysis 
 
Sequence results obtained were searched for DNA gene cassette homology using the NCBI Basic 
Local Alignment Search Tools (BLAST) (http://www.ncbi.nlm.nih.gov/BLAST/). The Clone 
Manager 7, version 7.11 program was used for DNA sequence alignment, restriction map and 
primer design.  
 
4.2.9. Transformation of DNA to competent cell E. coli DH5α 
 
4.2.9.1. Preparation of E. coli DH5α competent cell 
 
Fresh E. coli DH5α were sub-cultured in 10 ml of LB-broth on a shaker at 370C for 16 h. A 
volume of 2 ml of this exponential stage culture was inoculated into 200 ml of LB-broth with 
vigorous  shaking at 370C for 3-4 h. Cells were harvested by chilling on ice for 30 min and then 
separated into 4 x 50 ml funnel tubes followed by a centrifugation step at 3700 x g for 10 min 
(cold rotor 40C). The supernatant in each funnel tube (50 ml) was completely discarded before re-
suspension in 50 ml of sterile ice-cold milliQ H2O by gentle hand shaking. Another 
centrifugation step at 3700 x g for 10 min was performed. These two steps above were repeated 
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twice with 25 ml  and 5 ml iced-cold 10% glycerol. Pellet was then added and mixed properly 
with 250 µl to 400 µl of 10% glycerol and divided into aliquots of 50 µl. Competent cells were 
stored at -800C.  
 
4.2.9.2. Transformation by electroporator 
 
Frozen electro-competent cells were thawed on ice for 15 min and mixed with 2 μl DNA 
(extracted plasmids) before transferring to an ice-cold electro-cuvette with a 0.2 cm gap. 
Plasmids were priorly thawed and treated by RNase (20 µg/ml) followed an incubation at 370C 
for 1h. The pulse settings used to deliver plasmid into the cells were 2.5 kV, 25 mF and 200 Ω. 
Immediately after the pulse, 400 µl LB broth was added to the cells, and the mixture was 
incubated at 370C for 1 h. A volume of 100 μl of transformed culture was plated onto LB agar 
containing the appropriate antibiotic (50 µg/ml ampicillin) and incubated 370C for 16 h. 
Competent cells (added by 400 µl LB broth, incubated 370C for 1h) were spread on LB agar with 
and without antibiotic for negative control. Transformants and competent cells were tested for 
resistance phenotype and genotype transmission by antibiotic susceptibility test, plasmids and 
IntI1 gene transfer.  
 
4.2.10. Conjugation assay 
 
There are two methods used for the conjugation study, spread plate mating and liquid mating. In 
both methods, transconjugants were selected on LB-agar supplemented with the appropriate 
antibiotics. Colonies from the selector plates were picked off and re-identified, and their 
antibiotic resistance phenotypes and genotypes were determined.  
 
4.2.10.1. Spread plate mating  
 
Donor strains and recipient strain were inoculated overnight at 370C with shaking in 10 ml LB 
broth with appropriate antibiotics. Then 100, 10-1, 10-2, 10-3 dilutions of donor and recipient were 
prepared. For each concentration, 100 μl of donor and 100 μl of recipient strains were spread 
plate to LB agar plates containing both selected antibiotics. The plates were incubated at 370C for 
24 h then the numbers of transconjugants were enumerated (Van et al., 2007). 
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4.2.10.2. Liquid mating  
 
Mating procedures were carried out by mixing 0.5 ml and 1.0 ml of overnight donor and recipient 
broth cultures respectively in 10 ml of LB broth. The mixtures were incubated at 370C for 16-18 
h without shaking. Then 100, 10-1, 10-2, 10-3 dilutions of the mixture were prepared and 0.2 ml 
volumes of each were spread onto separate LB agar plates containing both selected antibiotics. 
The number of transconjugants were calculated after plates were incubated at 370C for 24 h (Van 
et al., 2007). 
 
4.2.11. Detection of 3’- conserved segment (CS) of untypical class 1 integrons 
 
3’- conserved segment was identified by PCR amplifying of qacEΔ1 and sul1 gene region 
previously described by (Sáenz et al., 2010). The primers’ sequences were qac-F: 5’-
GGCTGGCTTTTTCTTGTTATCG-3’ and Sul1-R: 5’-GCGAGGGTTTCCGAGAAGG TG-3’. 
Boiled cell lysates were used as DNA templates. Strain S. typhimurium DT104 which contained 
typical class 1 integron was used as positive control. 
 
4.2.12. Detection of sulfonamide resistance genes sul2 and sul3 
 
Sul2 and sul3 genes were detected by pair primers Sul2-F/Sul2-R and Sul3-F/Sul3-R (Maynard et 
al., 2003; Perreten and Boerlin, 2003). The primers’ sequences were sul2-F: 5’- 
CGGCATCGTCAACATAACC-3’; sul2-R: 5’-GTGTGCGGATGAAGTCAG-3’ and sul3-F: 5’-
GAGCAAGATTTTTGGAATCG-3’; sul3-R: 5’-CATCTGCAGCTAACCT AGGGCTTTGGA-
3’. Boiled cell lysates were used as DNA templates. Isolate 7C37 (E. coli) showed positive 
results at expected sizes of PCR amplification of sul2 and sul3 gene. These genes from this 
isolate were sent for sequencing and analysed by BLAST and the Clone Manager 7, version 7.11 
software to confirm the presence of sul2 and sul3 genes. This isolate was then used as positive 
control for sul2 and sul3 detection. 
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4.3.  Results and discussion 
 
4.3.1. Detection of class 1 and class 2 integron in E. coli, Pseudomonas spp. and 
Aeromonas spp. of catfish isolates. 
 
Sub-collection of 66 catfish E. coli (Section 4.2.1) was screened for the presence of class 1 and 
class 2 integrons in which the IntI1 gene was detected in 72.7% (48 out of 66 isolates) and no 
class 2 integron was detected (Fig. 4.1). 
 
 
Figure 4.1.  The rates of class 1 integrons (IntI1 gene) detection and amplifiable rates of gene 
cassette region of class 1 integrons. 
 
In batch 1 of sub-collection of catfish E. coli (Section 4.2.1), 70.5% (31 out of 44) of isolates 
contained class 1 integrons (Fig. 4.1). Only 13 isolates showed negative results of IntI1 gene 
screening in which nine isolates possessed the most sensitive profiles (seven isolates were 
sensitive to all 14 antibiotics tested and two isolates were resistant to only NAL or DOX, 
respectively). Three other isolates (1C8 from Ben Tre province, 4C13 from Dong Thap province 
and 9C33 from Ben Tre province) were sensitive to trimethoprim/sulfamethoxazole (SXT). The 
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last isolate, 7C2 from Vinh Long province,  showed resistance to SXT but no IntI1 gene 
detection. In batch 2 of sub-collection (Section 4.2.1),  IntI1 gene was detected in 77.3% (17 out 
of 22) of isolates (Fig 4.1, 4.2). All integron positive isolates were resistant to SXT. In general, it 
is likely that the presence of IntI1 gene is associated with trimethoprim/sulfamethoxazole 
resistance phenotype.  
 
The IntI1 gene was detected in 32.8% (22 out of 67 isolates) of sub-collection of catfish 
Pseudomonas isolates (Section 4.2.1) (Fig. 4.1, 4.2). The prevalence of class 1 integron in 
Pseudomonas spp. was lower than in E. coli and all class 1 integron positive isolates were  
resistant to SXT. No class 2 integron was detected for Pseudomonas spp. isolates. 
 
Similarly, class 1 integron was detected in 28.3% (15 out of 53 isolates) of the sub-collection of 
53 catfish Aeromonas spp. (Section 4.2.1) (Fig. 4.1, 4.2). The occurrence of class 1 integron in 
Aeromonas spp. was lower than in E. coli but corresponding to that of Pseudomonas spp. All  
IntI1 positive isolates are  resistant to SXT. No class 2 integron was detected for Aeromonas spp. 
isolates.  
 
In summary, the prevalence of class 1 integrons in catfish isolates were 45.7% in which E. coli 
showed the most predominant of 72.7% of isolates.  
 
No class 2 integrons was detected in catfish isolates. 
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Figure 4.2. Class 1 integron detection (IntI1 gene) of selected catfish isolates. Lane 1 and 19: λ 
DNA/PstI marker. Lane 12 and 18: PCR products of IntI1 gene amplification of strain S. 
typhimurium DT104 (positive control). Lane 2-11: PCR products of IntI1 gene amplification of 
catfish E. coli isolates 11C28, 12C1, 12C23, 12C39, 13C20, 7C7, 7C14, 8C11, 9C46, 9C25, 
respectively. Lane 13-17: PCR products of IntI1 gene amplification of catfish Pseudomonas 
isolates 5C19, 5C20, 5C23, 5C24, 5C25, respectively. Lane 20-22: PCR products of IntI1 gene 
amplification of catfish Aeromonas isolates R5-4, M14-7, 14C125, respectively.  
 
 
Integrons play an important role in dissemination of antibiotic resistance in clinical and 
environmental bacteria. Class 1 integrons were frequently reported in many Gram negative 
clinical pathogens including Salmonella spp., E. coli, Campylobacter spp., Pseudomonas 
aerugenosa, Klebsiella spp., Citrobacter spp., Enterobacter spp. (Preston et al., 1997; Martinez-
Freijo et al., 1998; Casin et al., 1999; Laraki et al., 1999; Lauretti et al., 1999; Martinez-Freijo et 
al., 1999; Naas et al., 1999; Poirel et al., 1999; Daly et al., 2000; Giakkoupi et al., 2000; Guerra 
et al., 2000; Lucey B, 2000). Publications on the prevalence of integrons in bacteria from aquatic 
environments were limited. One large survey on the prevalence of class 1 integron of 3,000 Gram 
negative bacteria isolated from an estuarine environment in UK showed rare incidence of 3.6% 
(Rosser and Young, 1999). Another study in River Torsa in India found 40% of multiple-
antibiotic-resistant (MAR) Gram-negative copiotrophic bacteria carried class 1 integrons 
(Mukherjee and Chakraborty, 2006). In one study of Gram negative ampicillin-resistant bacteria 
468 bp 
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from Ria de Aveiro, Portugal, the authors observed that the IntI1 genes were contained in 29.6% 
of the Enterobacteriaceae and in 21% of the Aeromonas isolates (Henriques et al., 2006). To our 
knowledge, no information on prevalence of integrons in commensal bacteria isolated from 
intensive farmed fresh water fish worldwide was published except the study of Nawaz (2009) 
with a focus on tetracycline resistance in avirulent E. coli. However, a possible high prevalence 
of class 1 integrons detected in farmed aquaculture (fish and prawn) was predicted due to heavy 
use of antibiotics reported (Gorbach, 2001; Teuber, 2001; Cabello, 2006; Burridge et al., 2010). 
The findings from intensive catfish farms in this study observed a higher prevalence of class 1 
integrons of approximately 45.7% (Fig. 4.1) comparing to 40% from Indian river which showed 
no effects of intensive animals or fish farms (Mukherjee and Chakraborty, 2006). The other 
results of the presence of class 1 integrons in isolates from Portugal river where water was 
extensively used for human activities (Henriques et al., 2006) and from a natural environment 
(Rosser and Young, 1999), not surprisingly showed the lower prevalence. 
 
Aeromonas spp. are fish pathogens and in some circumstances being considered as opportunistic 
human pathogens (Jacobs and Chenia, 2007). In aquaculture, the prevalence of class 1 integrons 
in this genus was reported worldwide from Australia, Europe, North America, South Africa and 
Japan. Moderate to high frequencies of class 1 integron were observed from Aeromonas spp. 
isolated from rainbow trout farms in Australia (31.1%), Danish rainbow trout farms (45.1%), 
worldwide A. salmonicida originated from Finland, France, Japan, Norway, Scotland, 
Switzerland, and the US (55.3%) (L'Abée-Lund and Sørum, 2001; Schmidt et al., 2001a; Ndi and 
Barton, 2011). Higher incidences of class 1 integrons were found in Aeromonas spp. from 
Northern Europe and North America (65%), South Africa aquaculture system (73%) and from 
Germany (94.3%) (Schmidt et al., 2001b; Jacobs and Chenia, 2007; Kadlec et al., 2011). In one 
study on 81 Aeromonas veronii isolated from catfish in the US, the authors found 48% of isolates 
carried a class 1 integron although they used 5’-CS and 3’-CS primers to amplify cassette regions 
which would not selected for class 1 untypical integron lacking 3’-CS region (Nawaz et al., 
2010). In general, studies on prevalence of class 1 integrons of Aeromonas isolates from aquatic 
environments worldwide observed higher frequencies comparing to that of 28.3% found in 
catfish intensive farms in Vietnam (Fig. 4.1).  
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Limited information on the presence of class 1 integron in Pseudomonas spp. was published 
except those in clinical Pseudomonas aeruginosa. The presence of class 1 integron in 
Pseudomonas spp. was reported in animals and environments (Agerso and Sandvang, 2005; Gaze 
et al., 2005; Colinon et al., 2010) with less frequency. The findings from this study could be the 
first report on the prevalence of class 1 and class 2 integrons from Pseudomonas spp. in intensive 
aquaculture systems (Fig. 4.1). 
 
Class 1 integrons in E. coli from animals were frequently found from Australia, Germany, the 
US, Tunisia. Their prevalence were low (15.4%) in humans and animals in Australia in which the 
higher rates (23.3%) were observed in human isolates comparing to (10.5%) in animals (Dawes 
et al., 2010). Moderate level (30%) was detected in E. coli isolated from cattle (20%), swine 
(32%) and poultry (36%) in Germany (Guerra et al., 2003). High prevalences of class 1 integrons 
were found from 51% poultry in Tunisia to 80% pathogenic E. coli in dairy farms in the US 
(Bass et al., 1999; Murinda et al., 2005; Soufi et al., 2009; Soufi et al., 2011). In aquatic 
environments, 29.6% Enterobacteriaceae and 41% of E. coli from Portugal and China carried 
class 1 integron (Henriques et al., 2006; Chen et al., 2010). In the sole report in the US (2009), 
the authors observed 22%  tetracycline resistance E. coli isolated from commercial pond catfish 
possessed class 1 integrons  even though the authors ignored class 1 integrons that lacking 3’-CS 
(Nawaz et al., 2009). In this study, the prevalence of class 1 integrons in E. coli isolates (72.7%) 
was higher than other reports from aquatic environments but lower than what found in dairy 
farms (80%). 
 
Class 2 integrons were frequently reported among members of Enterobacteriaceae and clinically 
important pathogens worldwide, especially in E. coli  (White et al., 2001; Crespo et al., 2005; 
Machado et al., 2005; Ramirez et al., 2005a; Ramirez et al., 2005b; Ahmed et al., 2006; Pan et 
al., 2006; Kim et al., 2010). Class 2 integrons were also found in Enterobacteriaceae isolated 
from animals, aquatic habitats and environments associated to human impacts (Goldstein et al., 
2001; Sunde, 2005; Barlow and Gobius, 2006; Barlow et al., 2008; Kadlec and Schwarz, 2008; 
Rodriguez-Minguela et al., 2009; Xu et al., 2011a). There is less information on the presence of 
class 2 integrons in Pseudomonas spp. except the results of two groups from Asia (Malaysia and 
China), in which the authors observed 3.3% and 19.5% of clinical Pseudomonas aeruginosa 
carried class 2 integrons (Xu et al., 2009; Khosravi et al., 2011). To our knowledge, no studies on 
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the prevalence of class 2 integron from animal or environmental Pseudomonas spp. has been 
published so far. Similarly, publications on the prevalence of class 2 integrons in Aeromonas spp. 
in aquaculture were limited. Class 2 integrons in Aeromonas spp. from aquaculture systems were 
detected in South Africa (Jacobs and Chenia, 2007). However, the authors cannot identify 
cassette arrays from these positive isolates. In addition, class 2 integrons were not found in the 
studies of Aeromonas spp. from humans in Taiwan; or from sulfonamide and trimethoprim 
resistant fish pathogenic Aeromonas spp. in Germany; or from integron containing bacteria from 
bovine feces in Australia (Barlow et al., 2004; Lee et al., 2008; Kadlec et al., 2011). In this study, 
no class 2 integrons were observed in either E. coli, Pseudomonas spp. or Aeromonas spp. 
isolates implying the rare occurrence of this class of integrons in aquatic environment. 
 
In general, class 1 integrons were frequently found in Gram-negative clinical pathogens. Less 
incidence was observed in bacteria from animals and environments. In aquaculture and aquatic 
environments, there are very limited publications on the prevalence of class 1 integrons reported. 
It may reflect the importance of human health management in research concerns. Among Gram 
negative bacteria, class 1 integrons were commonly detected in Enterobacteriaceae (especially E. 
coli from clinical to animal, environmental isolates), Aeromonas spp. (fish pathogens or 
opportunistic pathogens), Pseudomonas spp. (clinical and environmental isolates) in a wide range 
from less than 5% in the estuarine environment in the UK (Rosser and Young, 1999) to more 
than 90% in reared and ornamental fish in Germany (Kadlec et al., 2011). The results of this 
study found that class 1 integrons were detected in 45.7% catfish isolates including 72.7% in E. 
coli, 32.8% in Pseudomonas spp. and 28.3% in Aeromonas spp., respectively, which were in 
agreement with many reports in the literatures.  
 
Class 2 integrons are commonly found in Enterobacteriaceae and clinically important pathogens. 
In animals and environments, IntI2 genes also detected less frequently in Enterobacteriaceae. In 
aquaculture and aquatic environments, to our knowledge, the presence of class 2 integrons have 
only been reported in opportunistic pathogens (Aeromonas spp.) with low frequency (Jacobs and 
Chenia, 2007; Xu et al., 2011a). In this study, class 2 integrons were not detected in any E. coli, 
Pseudomonas spp. and Aeromonas spp. isolates from catfish.  
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There has been very little published on the prevalence of class 1 and class 2 integrons in Vietnam 
catfish commensal microflora except for one report on Edwardsiella ictaluri (this agent causes 
bacillary necrosis of Pangasius spp. (BNP) in catfish in Vietnam) where the authors found the 
presence of a class 1 integron carried a dhfr1 gene (Tu et al., 2009). 
 
4.3.2. Amplification of gene cassette arrays of integron positive catfish isolates 
 
To characterise the gene cassettes harboured in the integrons, the gene cassette regions were 
amplified using standard primers that targeted the 5’-CS and 3’-CS of class 1 integrons. Among 
48 class 1 integron positive E. coli, gene cassette arrays were amplified in only 13 isolates 
(27.1%) (Table 4.1). The sizes of gene cassette regions varied of approximately 1 kb, 1.2 kb, 1.7 
kb and 1.9 kb (Fig. 4.3). The most common size of gene cassette was 1.7 kb (38.5%), followed 
by 1.9 kb (30.8%) and 1 kb (23.1%). Only one isolate produced cassette amplicon of 1.2 kb. 
Gene cassette arrays which were not amplified by those primer using the same standard PCR 
conditions were of high incidence (72.9%) (Fig. 4.1).  
 
Among 22 Pseudomonas spp. that carried class 1 integrons, gene cassette regions were amplified 
using a pair of primers for the 5’-CS and 3’-CS in only seven isolates (31.8%) (Table 4.2). Gene 
cassette arrays comprised of only two product sizes of approximately 1 kb (57.1%) and 1.9 kb 
(42.9%) (Fig. 4.3). No gene cassette regions were amplified for the remaining 15 isolates (68.2%) 
(Fig. 4.1). Amplification of gene cassette regions in class 1 integrons of 15 catfish Aeromonas 
spp. revealed that only eight isolates (53.3%) produced amplicons (Table 4.3). However, the sizes 
of gene cassette arrays were varied 0.7 kb, 1 kb, 1.2 kb, 1.7 kb and 1.9 kb in length (Fig. 4.3). 
The most common sizes of gene cassette regions were 1 kb, 1.7 kb and 1.9 kb (25%). Only one  
cassette amplicon of 0.7 kb and 1.2 kb were found. Of the rest of seven IntI1 positive Aeromonas 
strains (46.7%), no cassette array amplicons were observed (Fig. 4.1). 
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Table 4.1. Amplicon sizes of class 1 integron gene cassette arrays of catfish E. coli isolates 
 
 
 
 
 
 
 
 
Size ID Antibiotic resistance profiles   IntI1 Sample sites Plasmids 
1kb 3C23 AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL + 3 (Can Tho) 2 
  9C25 AMP, AMO, GEN, STR, KAN, NAL  + 9 (Ben Tre) 2 
  12C1 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL + 12 (Can Tho) 1 
                                        
1.2kb 13C2 TET, DOX, SXT, CHL + 13 (Can Tho) 3 
    
1.7kb 1C9 AMP, AMO, GEN, TET, DOX, CIP, NOR, NAL, SXT, CHL + 1 (Ben Tre) 2 
  6C49 AMP, AMO, STR, KAN, NAL, SXT, CHL + 6 (Dong Thap) 1 
  12C23 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL + 12 ( Can Tho ) 1 
  12C27 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL + 12 ( Can Tho ) 1 
  12C39 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL + 12 ( Can Tho ) 1 
    
1.9kb 6C39 AMP, AMO, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL + 6 (Dong Thap) 2 
  9C38 AMP, GEN, NEO, STR, TET, DOX, NAL, SXT, CHL + 9 (Ben Tre) 1 
  10C8 AMP, AMO, NEO, KAN, TET, DOX, SXT, CHL + 10 (An Giang) 2 
  12C20 AMP, AMO, NEO, STR, KAN, TET, DOX, NAL, SXT + 12 ( Can Tho ) 1 
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Table 4.2. Amplicon sizes of class 1 integron gene cassette arrays of catfish Pseudomonas spp. 
Size ID Antibiotic resistance profiles   Int1 Sample sites Plasmids 
1kb 11C121 AMP, AMO, NAL, SXT, CHL, NIT + 11(An Giang) 3
  11C132 AMP, AMO, GEN, TET, NAL, SXT, CHL, NIT + 11(An Giang) 1
  11C143 AMP, AMO, GEN, TET, NAL, SXT, CHL, NIT + 11(An Giang) 1
  11C147 AMP, AMO, GEN, STR, TET, DOX, NAL, SXT, CHL, NIT + 11(An Giang) 1
      
1.9kb 4C82 AMP, AMO, STR, NAL, SXT, CHL, NIT + 4(Dong Thap) 2
  4C95 AMP, AMO, NAL, SXT, CHL, NIT + 4(Dong Thap) 2
  6C53 AMP, AMO, KAN, NAL, SXT + 6(Dong Thap) 0
 
 
Table 4.3 Amplicon sizes of class 1 integron gene cassette arrays of catfish Aeromonas spp. 
Size ID Antibiotic resistance profiles  Int1 Sample sites Plasmids  
0.7kb R5-14 AMP, AMO, STR, CIP, NAL, SXT + 15(An Giang) 0 
      
1kb 11C151 AMP, AMO, GEN, TET, DOX, SXT, CHL + 11(An Giang) 1 
  11C152 AMP, AMO, STR, NAL, SXT, CHL, NIT + 11(An Giang) 2 
      
1.2kb 9C91 AMP, AMO, STR, TET, DOX, SXT, CHL + 9(Ben Tre) 2 
      
1.7kb M 14-7 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NAL, SXT, CHL, NIT + 15(An Giang) 0 
  15C78 AMP, AMO, STR, KAN, TET, DOX, NAL, SXT, NIT + 15(An Giang) 0 
      
1.9kb 10C72 AMP, AMO, GEN, NEO, STR, TET, DOX, CIP, NAL, SXT, CHL, NIT + 10(An Giang) 2 
  10C77 AMP, AMO, NEO, KAN, TET, SXT + 10(An Giang) 1 
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Figure 4.3. PCR products of different cassette arrays of class 1 integron positive catfish isolates. 
Lane 1 and 10: λ DNA/PstI marker. Lane 2 and 8: amplicons of 1.9 kb of isolates 10C77 
(Aeromonas sp.), 4C82 (Pseudomonas sp.), respectively. Lane 3 and 4: amplicons of 1.7 kb of 
isolates M14-7, 15C78 (Aeromonas spp.), respectively. Lane 5: amplicon of 1.2 kb of isolate 
9C91 (E. coli). Lane 6 and 9: amplicons of 1 kb of isolates 11C151 (Aeromonas sp.), 11C132 
(Pseudomonas sp.), respectively. Lane 7: amplicon of 0.7 kb of R5-14 (Aeromonas sp.). 
 
The sizes of gene cassette regions harboured in class 1 integrons in catfish commensal bacteria 
from Vietnam ranged from 0.7 kb to 1.9 kb (Table 4.1, 4.2, 4.3). Some cassette arrays were found 
in all catfish commensal flora such as amplicon sizes of 1 kb (three E. coli, four Pseudomonas 
and two Aeromonas isolates), 1.9 kb (four E. coli, three Pseudomonas and two Aeromonas 
isolates), both comprised of 32.1% of cassette amplifiable isolates. Less frequency was observed 
on 1.7 kb amplicon (five E. coli and two Aeromonas spp.). One E. coli and one Aeromonas 
isolate harboured 1.2 kb cassette amplicon and only one Aeromonas sp. was amplified of 0.7 kb 
size (Fig. 4.3). Cassette arrays of catfish Aeromonas spp. were diversified with five profiles in 
contrast to those of Pseudomonas spp. with only two profiles. These cassette region sizes were 
1        2        3       4       5        6       7       8        9      10    
1093 bp 
805 bp 
1986 bp 
1159 bp 
1700 bp 
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also found in the report of Yu et al. (2003) in which the authors summarised a total of 21 profiles 
of cassette arrays in E. coli isolates in Korea in two decades.  
 
In this study, high incidence of 67.1% (57 out of 85 isolates) of non-amplifiable cassette arrays 
were found possibly due to the lacking of 3’ conserved segment (3’CS) (Fig. 4.1). This will be 
confirmed by the detection of 3’-CS region in Section 4.3.9. E. coli showed the highest 
proportion of 72.9% (35 out of 48) of non-amplifiable isolates followed by  Pseudomonas spp. 
(68.2%) and Aeromonas spp. (46.7%). Class 1 integrons that cannot yield amplicons for PCR 
amplification of gene cassette regions due to the possible lacking of 3’-CS have been reported 
(Rosser and Young, 1999; White et al., 2001; Yu et al., 2003; Chen et al., 2010; Sáenz et al., 
2010; Vinué et al., 2010). These authors found that the incidence of non-amplifiable class 1 
integron in human isolates (5.6% to 30.1%) was much less than in environmental isolates (57.7% 
to 70%), corresponding to the results in this study. The findings of high frequency of non-
amplifiable cassette arrays in non-human isolates suggested that the use of specific primer pairs 
that targeted the 5’-CS and 3’-CS (Lévesque et al., 1995) to assess the prevalence of class 1 
integrons does not fully reflect the actual predominance of these genetic elements in bacteria 
from environmental samples.   
 
4.3.3. RFLP analysis of class 1 cassette region profiles and sequencing 
 
The results of RFLP analysis showed that catfish E. coli, Pseudomonas spp. or Aeromonas spp. 
isolates harbouring cassette arrays of the same amplicon sizes of 1.9 kb, 1.2 kb and 1 kb have the 
same restriction patterns, confirming gene cassettes carried by class 1 integrons in these isolates 
were identical (Fig. 4.4, 4.6, 4.7). For cassette arrays of amplicon size of 1.7 kb, all catfish E. coli 
isolates including 1C9, 6C49, 12C23, 12C27, 12C39 were identical (Fig. 4.5), however, two 
catfish Aeromonas spp., M14-7 and 15C78, were distinct by restriction digest of the same 
EcoRV, DraI, PstI restriction enzymes (Fig. 4.7). The same amplicon patterns and identical gene 
cassette arrays of class 1 integrons found in catfish isolates of either E. coli, Pseudomonas or 
Aeromonas spp. in the same farms in the Mekong Delta strongly suggests that transfer of 
antibiotic resistance genes via class 1 integrons among commensal flora of catfish occurred in the 
catfish farm environments of this region. 
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Table 4.4. Cassette arrays harboured in class 1 integrons of catfish E. coli isolates 
 
 
Isolate Genus Plasmids IntI Resistance phenotype Amplicon (kb) Gene cassette (s) 
3C23 E. coli 2 IntI1 AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL 1 aadA1 
9C25 E. coli 2 IntI1 AMP, AMO, GEN, STR, KAN, NAL  1 aadA1 
12C1 E. coli 1 IntI1 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL 1 aadA1 
13C2 E. coli 3 IntI1 TET, DOX, SXT, CHL 1.2 dfrA1 - orfX 
1C9 E. coli 2 IntI1 AMP, AMO, GEN, TET, DOX, CIP, NOR, NAL, SXT, CHL 1.7 dfrA17  - aadA5 
6C49 E. coli 1 IntI1 AMP, AMO, STR, KAN, NAL, SXT, CHL 1.7 dfrA17  - aadA5 
12C23 E. coli 1 IntI1 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL 1.7 dfrA17  - aadA5 
12C27 E. coli 1 IntI1 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL 1.7 dfrA17  - aadA5 
12C39 E. coli 1 IntI1 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL 1.7 dfrA17  - aadA5 
6C39 E. coli 2 IntI1 AMP, AMO, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL 1.9 dfrA12 - orfF - aadA2 
9C38 E. coli 1 IntI1 AMP, GEN, NEO, STR, TET, DOX, NAL, SXT, CHL 1.9 dfrA12 - orfF - aadA2 
10C8 E. coli 2 IntI1 AMP, AMO, NEO, KAN, TET, DOX, SXT, CHL 1.9 dfrA12 - orfF - aadA2 
12C20 E. coli 1 IntI1 AMP, AMO, NEO, STR, KAN, TET, DOX, NAL, SXT 1.9 dfrA12 - orfF - aadA2 
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Table 4.5. Cassette arrays harboured in class 1 integrons of catfish Pseudomonas spp. isolates 
 
Isolate Genus Plasmids IntI Resistance phenotype Amplicon (kb) Gene cassette (s) 
11C123 Pseudomonas 3 IntI1 AMP, AMO, GEN, STR, TET, DOX, NAL, SXT, CHL, NIT 1 aadA1 
11C132 Pseudomonas 1 IntI1 AMP, AMO, GEN, TET, NAL, SXT, CHL, NIT 1 aadA1 
11C143 Pseudomonas 1 IntI1 AMP, AMO, GEN, TET, NAL, SXT, CHL, NIT 1 aadA1 
11C147 Pseudomonas 1 IntI1 AMP, AMO, GEN, STR, TET, DOX, NAL, SXT, CHL, NIT 1 aadA1 
4C82 Pseudomonas 2 IntI1 AMP, AMO, STR, NAL, SXT, CHL, NIT 1.9 dfrA12 - orfF - aadA2 
4C95 Pseudomonas 2 IntI1 AMP, AMO, NAL, SXT, CHL, NIT 1.9 dfrA12 - orfF - aadA2 
6C53 Pseudomonas 0 IntI1 AMP, AMO, KAN, NAL, SXT 1.9 dfrA12 - orfF - aadA2 
 
 
 
Table 4.6. Cassette arrays harboured in class 1 integrons of catfish Aeromonas spp. isolates 
 
Isolate Genus Plasmids IntI Resistance phenotype Amplicon (kb) Gene cassette 
R5-14 Aeromonas 0 IntI1 AMP, AMO, STR, CIP, NAL, SXT 0.7 dfrA21 
11C151 Aeromonas 1 IntI1 AMP, AMO, GEN, TET, DOX, SXT, CHL 1 aadA1 
11C152 Aeromonas 2 IntI1 AMP, AMO, STR, NAL, SXT, CHL, NIT 1 aadA1 
9C91 Aeromonas 2 IntI1 AMP, AMO, STR, TET, DOX, SXT, CHL 1.2 dfrA1 - orfX 
M 14-7 Aeromonas 0 IntI1 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NAL, SXT, CHL, NIT 1.7 catB8  - aadA1 
15C78 Aeromonas 0 IntI1 AMP, AMO, STR, KAN, TET, DOX, NAL, SXT, NIT 1.7 catB8  - aadA1 
10C72 Aeromonas 2 IntI1 AMP, AMO, GEN, NEO, STR, TET, DOX, CIP, NAL, SXT, CHL, NIT 1.9 dfrA12 - orfF - aadA2 
10C77 Aeromonas 1 IntI1 AMP, AMO, NEO, KAN, TET, SXT 1.9 dfrA12 - orfF - aadA2 
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Figure 4.4. RFLP analysis of cassette arrays of 1.9 kb amplicon of  Pseudomonas  spp.  isolates 
4C82, 4C95, and 6C53. Lane 1 and 13: λ DNA/PstI marker. Lane 2, 6, and 10: digestion of 
cassette array of isolate 4C82 with EcoRI, HindIII, BglI, respectively. Lane 3, 7, and 11: 
digestion of cassette array of isolate 4C95 with EcoRI, HindIII, BglI, respectively. Lane 4, 8, and 
12: digestion of cassette array of isolate 6C53 with EcoRI, HindIII, BglI, respectively. 
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Figure 4.5. RFLP analysis of cassette arrays of 1.7 kb amplicon of  E. coli 12C23, 12C39, 12C27, 
and 1C9. Lane 1 and 18: λ DNA/PstI marker. Lane 2, 7, 12, and 17: undigested cassette arrays of 
isolates 12C23, 12C39, 12C27, 1C9, respectively (negative control). Lane 3, 8, and 13: digestion 
of cassette array of isolate 12C23 with EcoRV, DraI, PstI, respectively. Lane 4, 9, and 14: 
digestion of cassette array of isolate 12C39 with EcoRV, DraI, PstI, respectively. Lane 5, 10, and 
15: digestion of cassette array of isolate 12C27 with EcoRV, DraI, PstI, respectively. Lane 6, 11, 
and 16: digestion of cassette array of isolate 1C9 with EcoRV, DraI, PstI, respectively. 
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Figure 4.6. RFLP analysis of cassette arrays of 1.2 kb amplicon of  E. coli 13C2 and Aeromonas 
sp. 9C91. Lane 1 and 12: λ DNA/PstI marker. Lane 3, 5, and 7: digestion of cassette array of 
isolate 13C2 with HincII, SacI, NsiI, respectively. Lane 8, 9, and 10: digestion of cassette array of 
isolate 9C91 with HincII, SacI, NsiI, respectively.  
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Figure 4.7. RFLP analysis of cassette arrays of  1.7 kb and 1 kb amplicons. Lane 1 and 20: λ 
DNA/PstI marker. Lane 2, 4, and 6: digestion of cassette array (1.7 kb) of isolate M14-7 with 
EcoRV, DraI, PstI, respectively. Lane 3, 5, and 7: digestion of cassette array (1.7 kb) of isolate 
15C78 with EcoRV, DraI, PstI, respectively. Lane 8, 12, and 16: digestion of cassette array (1 
kb) of isolate 11C123 with HinfI, BglI, BclI, respectively. Lane 9, 13, 17: digestion of cassette 
array (1 kb) of isolate 11C132 with HinfI, BglI, BclI, respectively. Lane 10, 14, and 18: digestion 
of cassette array (1 kb) of isolate 11C143 with HinfI, BglI, BclI, respectively. Lane 11, 15, and 
19: digestion of cassette array (1 kb) of isolate 11C147 with HinfI, BglI, BclI, respectively. 
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A total of six different cassette arrays have been found in this study (Table 4.4, 4.5, 4.6) (Fig 
4.7). Sequencing analysis of cassette arrays of class 1 integron positive isolates revealed that 1 kb 
amplicons contained one gene cassette, aadA1 (Genbank accession number AB188267), found in 
nine isolates (three E. coli, four Pseudomonas spp. and two Aeromonas spp.). This gene cassette 
confers streptomycin/spectinomycin resistance and being recognised as one of the most 
frequently integrated gene cassettes harboured in class 1 integrons (Rosser and Young, 1999; 
Partridge et al., 2009). Cassette amplicon of 1.2 kb carried one gene dfrA1 (Genbank accession 
number AB161449)  and a hypothetical protein orfX of unknown function in which dfrA1 
encodes resistance to trimethoprim (Ahmed et al., 2005), found in two isolates (one E. coli and 
one Aeromonas sp.). Cassette region amplification of product size of 0.7 kb revealed another 
trimethoprim resistance gene, dfrA21 (Genbank accession number AY552589.1). This gene 
cassette was observed in only one isolate of Aeromonas sp. Class 1 integrons which contained 
two gene cassettes were commonly found in all three genera including dfrA17-aadA5 (Genbank 
accession number HQ880278) of cassette amplicon of 1.7 kb and dfrA12-orfF-aadA2 (Genbank 
accession number JF806493) of 1.9 kb amplicons. These two types of cassette arrays are all 
encoded for trimethoprim resistance (dfrA12 and dfrA17) and resistance to 
streptomycin/spectinomycin (aadA2 and aadA5) (White et al., 2000; Kang et al., 2005). The two 
Aeromonas spp. which showed the distinct 1.7 kb amplicons when digesting by restriction 
enzymes were also purified and sequenced. Their cassettes all carried two genes catB8-aadA1 
(Genbank accession number EF090608) which confer resistance to chloramphenicol and 
streptomycin/spectinomycin, respectively.  
 
There are currently over 300 different complete cassette arrays identified in Genbank, possibly 
amplified by 5’-CS and 3’-CS primers, in which more than 130 different cassettes carried known 
antibiotic resistance genes (Partridge et al., 2009). These cassette arrays conferred resistance to 
almost class of antibiotics. However, in this study, gene cassettes encoding dihydrofolate 
reductases (trimethoprim resistance) and aminoglycoside (3’) adenylyltransferases 
(streptomycin/spectinomycin resistance) were the most abundant (Table 4.4, 4.5, 4.6). These 
results provided evidence to confirm the high incidences of resistance to SXT and STR found in 
catfish isolates (Chapter 3 – Section 3.3.5). Among six different cassette arrays found in this 
study, the most occuring were aadA1 (amplicons of 1 kb), dfrA17- aadA5 (amplicons of 1.7 kb) 
and dfrA12-orfF-aadA2 (amplicons of 1.9  kb) with 89.3% of amplifiable isolates carried one of 
these arrays (Table 4.4, 4.5, 4.6). This is corresponding to a review of Partridge et al. (2009)  in 
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which the authors found that these cassettes were the most common cassette arrays amplified by 
5’-CS and 3’-CS primers of class 1 integron worldwide. The dfrA1 gene was generally appeared 
in known arrays, dfrA1-aadA1 (about 50% of arrays containing dfrA1) and dfrA1-orfX (about 
30% of arrays with dfrA1) (Partridge et al., 2009) similar to the findings of this study. 
 
The most common gene cassette found in catfish isolates was dfrA12-orfF-aadA2 (Table 4.4, 4.5, 
4.6). This gene cassette array was first discovered from an uncultured bacterium from an 
environmental sample in Germany in 2002 (Tennstedt et al., 2003). Since then, this cassette array 
has been observed in E. coli from a slaughterhouse wastewater treatment plant in Portugal 
(Moura et al., 2007), in E. coli from animal sources in Germany (Kadlec and Schwarz, 2008), in 
E. coli from catfish in the US (Nawaz et al., 2009), in Aeromonas spp. from reared and 
ornamental fish in Germany (Kadlec et al., 2011), in clinical Staphylococcus aureus in the 
Southern China (Xu et al., 2011b), in clinical Shigella flexneri in China (Zhu et al., 2011). 
Recently, this array was frequently found in association with sul3 gene in class 1 integron lacking 
3’ CS of clinical pathogens (Antunes et al., 2007; Sunde et al., 2008; Vinué et al., 2010).This 
array is one of the most common found in many species from many countries and continents, 
therefore it has been spread worldwide. In this study, this array was commonly found in catfish 
isolates implied the widespread of genes encoding trimethoprim and streptomycin resistance in 
aquatic environment. As a consequence, the use of these antibiotics in catfish industry in Vietnam 
must be of concern. 
 
Similarly, dfrA17-aadA5 was the second most common cassette array in this study (Table 4.4, 
4.5, 4.6). This cassette array was first published in 2000 from an E. coli isolated from the urinary 
tract of an infected patient from Australia (White et al., 2000). Since that year, this cassette array 
has been found in human and animal pathogens from Asia, Europe to the US (Yu et al., 2003; 
Kang et al., 2005; Solberg et al., 2006; Cocchi et al., 2007; Vinué et al., 2008; Ajiboye et al., 
2009) indicating the spread worldwide. Again, this finding confirmed the need of prudent use of 
SXT and STR in catfish health management in Vietnam. 
 
Some cassette arrays can yield cassette PCR products of similar size but can be distinguished by 
restriction digest (Fig. 4.7). Two Aeromonas spp., which carried cassette amplicons of 1.7 kb, 
were found in this study (Table 4.6), but these two strains contained different cassette array, 
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catB8-aadA1. Gene catB8 belonged to type B chloramphenicol acetyltransferases that conferred 
resistance to CHL and some of its derivatives (Schwarz et al., 2004). This cassette array was first 
published in NCBI in 2006 from Aeromonas hydrophila isolated from food-borne outbreak-
suspect samples in Taiwan (Chang et al., 2007). This array was also found in four Aeromonas 
caviae isolated from hide, pen feces and carcass from separate beef meat production systems at 
slaughter in Australia (Barlow et al., 2008). Recently, this array was observed in Enterobacter 
cloacae in China in 2010 (Genbank accession number GU906261) and in Aeromonas 
allosaccharophila  in Portugal 2011 (Genbank accession number HQ170518) and in 
Enterobacteriaceae strains recovered from aquatic habitats in China (Guo et al., 2011). In this 
study, this cassette array was only observed in two Aeromonas isolates implied an intra-species 
(in Aeromonas spp.) and inter-species (to Enterobacteriaceae) dissemination of this cassette 
array, mostly in Asian countries. Nowadays, CHL use in human medicine is limited to few life 
threatening infections due to numerous adverse effects observed (Schwarz et al., 2004). Its use in 
food producing animals was banned worldwide (Schwarz et al., 2004; Serrano, 2005). In 
Vietnam, CHL was prohibited antibiotic for use in aquaculture (MARD, 2009), therefore, its 
moderate resistance as found in catfish isolates is of great concern (Chapter 3 – Section 3.3.5). 
The possible explanations for this resistance phenomenon were intrinsic resistance of 
Pseudomonas spp. (Chapter 3 – Section 3.3.3.1) and/or co-transfer of chloramphenicol resistance 
genes with other resistance genes. The finding of the presence of CHL resistance gene (catB8) 
associated with STR resistance gene (aadA1) in cassette array of class 1 integron provided more 
evidence to confirm that resistance to CHL can be maintained, even in the environment that was 
absent for CHL selective pressure, by the co-transfer of cat gene with genes conferring resistance 
to widely used antibiotics such as aadA gene in class 1 integrons. 
 
The dfrA21 gene conferring resistance to trimethoprim has only been rarely found in the 
literature. Its sequence was firstly published in Genbank (NCBI) in 2004 from a clinical 
Salmonella enterica in Tunisia as a sole cassette (Bouallegue-Godet et al., 2005). This gene was 
then found in a plasmid of clinical Salmonella enterica and Klebsiella pneumoniae either alone or 
with other gene cassettes from France, Germany, Tunisia, and Brazil (Doloy et al., 2006; Michael 
et al., 2008). Recently, this gene cassette was detected in an uncultured bacterium from 
ornamental fish and aquatic environment imported from South East Asian countries in 2009 
(Verner-Jeffreys et al., 2009) and  E. coli from surface water in China in 2011 (Genbank 
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accession number FR875296). The finding of this gene in Aeromonas sp. in catfish may reflect 
the presence of this gene in aquatic environments in Asian countries besides in clinical isolates 
from Europe, Tunisia and Brazil.  
 
4.3.4. Prevalence of plasmid in E. coli, Pseudomonas and Aeromonas spp. 
 
The incidence of plasmid presence in E. coli was 74.2% (49 isolates out of 66) (Table 4.7) in 
which all sensitive isolates contained no plasmid, however, some multi-resistance isolates also 
showed the same results. All integron-positive E. coli isolates carried one to three plasmids which 
may reflect the opportunity for antibiotic resistance spread (Fig. 4.8). Large plasmids (as per the 
Kado and Liu description of those which migrate before the chromosome (Kado and Liu, 1981), 
the sizes > 55kb) were dominant with the rate of 86.7% (Appendix – Table A5, A6, A7). 
 
The presence of plasmids in Pseudomonas spp. and Aeromonas spp. were much less than in E. 
coli with 25.4% (17 isolates out of 67) and 35.8% (19 isolates out of 53), respectively (Table 4.8, 
4.9). Not all class 1 integron positive isolates carried plasmids. The frequencies of large plasmids 
presence among plasmids extracted were 50% in Pseudomonas spp. and 71.4% in Aeromonas 
spp.  
 
There is no clear correlation between plasmid profiles and antibiotic resistance, corresponding to 
the results of the other authors (Gebre-Yohannes and Drasar, 1990; Olukoya and Oni, 1990; Son 
et al., 1997). Isolates of the same patterns of antibiotic resistance can be distinguished by plasmid 
profiles and vice versa reflecting the fact that may be not all resistance genes were harboured in 
plasmids or resistance genes were distributed in different plasmids.  
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Figure 4.8. Plasmid content of selected catfish E. coli (batch 2). Lane 12: plasmids of positive 
control strain S. typhimurium ATCC 14028. Lane 1-11: plasmids of isolates 3C14, 3C22, 6C48, 
6C49, 7C3, 7C4, 7C24, 7C25, 7C33, 7C34, 8C2, respectively. 
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Table 4.7. Plasmid content of selected catfish E. coli isolates 
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Antibiotic resistance profile 
Ben Tre 1C8 x AMP, AMO, TET 
Ben Tre 1C9 x x AMP, AMO, GEN, TET, DOX, CIP, NOR, NAL, SXT, CHL 
Dong Thap 2C16 x x x AMP, AMO, STR, TET, SXT, CHL 
Can Tho 3C21 x AMP, AMO, STR, TET, SXT 
Can Tho 3C23 x x AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL 
Can Tho 3C24 x AMP, AMO, STR, TET, SXT 
Dong Thap 4C13 x TET, DOX, CIP, NIT 
Dong Thap 6C31 x x AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL 
Dong Thap 6C36 x AMP,AMO, NEO, KAN, TET, DOX, SXT, CHL 
Dong Thap 6C39 x AMP, AMO, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL 
Vinh Long 7C1 x AMP, AMO, STR, TET, DOX, NAL, SXT, CHL 
Vinh Long 7C7 x AMP, AMO, NEO, STR, SXT, CHL 
Vinh Long 7C14 x AMP, AMO, NEO, NAL, SXT, CHL 
Vinh Long 7C37 x x x AMP, AMO, STR, TET, DOX, NAL, SXT 
Vinh Long 7C39 x AMP, AMO, TET, DOX, NAL, SXT, CHL 
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Table 4.7. Plasmid content of selected catfish E. coli isolates (cont) 
 
Sampling site ID 
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Antibiotic resistance profile 
Vinh Long 8C13 x AMP, AMO, STR, TET, DOX, CIP, SXT, CHL 
Vinh Long 8C19 x AMP, AMO, STR, TET, DOX, NAL, SXT, CHL 
Ben Tre 9C25 x x AMP, AMO, GEN, STR, KAN, NAL 
Ben Tre 9C33 x AMP, AMO, STR, TET, DOX, NAL 
Ben Tre 9C38 x x AMP, GEN, NEO, STR, TET, DOX, NAL, SXT, CHL 
Ben Tre 9C46 x AMP, AMO, STR, TET, DOX, SXT, CHL 
An Giang 10C1 x x AMP, AMO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT 
An Giang 10C8 x x AMP, AMO, NEO, KAN, TET, DOX, SXT, CHL 
An Giang 10C40 x AMP, AMO, STR, TET, DOX, SXT 
An Giang 11C20 x AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NAL, SXT 
An Giang 11C28 x x x AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL 
Can Tho 12C1 x AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL 
Can Tho 13C1 x AMP, AMO, STR, TET, DOX, SXT, CHL 
Can Tho 13C5 x DOX 
Can Tho 13C20 x AMP, AMO, STR, TET, DOX, SXT 
Vinh Long 14C27 x x TET, DOX, SXT 
Can Tho 3C14 x AMP, AMO, TET, SXT 
Can Tho 3C22 x AMP, AMO, STR, TET, SXT 
Dong Thap 6C48 x AMP, AMO, STR, TET, SXT 
Dong Thap 6C49 x AMP, AMO, STR, KAN, NAL, SXT, CHL 
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Table 4.7. Plasmid content of selected catfish E. coli isolates (cont) 
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Antibiotic resistance profile 
Vinh Long 7C4 x AMP, AMO, TET, DOX, SXT, CHL 
Vinh Long 7C25 x AMP, AMO, STR, TET, NAL, SXT 
Vinh Long 7C33 x x AMP, AMO, TET, DOX, SXT, CHL 
Vinh Long 7C34 x AMP, AMO, TET, DOX, NAL, SXT 
Vinh Long 8C2 x x AMP, AMO, STR, SXT 
Ben Tre 9C23 x AMP, AMO, STR, SXT, CHL 
Ben Tre 9C29 x x x AMP, AMO, NEO, STR, TET, DOX, NAL, SXT, CHL 
An Giang 10C4 x AMP, AMO, STR, TET, DOX, SXT 
An Giang 11C36 x x x AMP, AMO, STR, TET, DOX, SXT 
An Giang 11C40 x AMP, AMO, STR, TET, DOX, SXT 
Can Tho 12C10 x x x AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL 
Can Tho 12C20 x AMP, AMO, NEO, STR, KAN, TET, DOX, NAL, SXT 
Can Tho 12C31 x x x AMP, AMO, STR, TET, DOX, CIP, NAL, SXT, CHL 
Can Tho 13C2 x x x TET, DOX, SXT, CHL 
Total 5 4 1 16 33 12 4   
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Table 4.8. Plasmid content of selected catfish Pseudomonas spp.  
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Antibiotic resistance profile 
CanTho 3C48 x AMP, AMO, NAL, SXT, CHL, NIT 
DongThap 4C82 x x AMP, AMO, STR, NAL, SXT, CHL, NIT 
DongThap 4C95 x x AMP, AMO, NAL, SXT, CHL, NIT 
Ben Tre 9C53 x AMP, AMO, STR, DOX, NAL, SXT, CHL, NIT 
Ben Tre 9C72 x AMP, AMO, TET, DOX, NAL, SXT, CHL 
Ben Tre 9C78 x AMP, AMO, STR, TET, DOX, NAL, SXT, CHL, NIT 
An Giang 10C84 x AMP, AMO, NEO, KAN, TET, DOX, NAL, SXT, CHL, NIT 
An Giang 10C87 x AMP, AMO, NAL, SXT, CHL, NIT 
An Giang 10C96 x AMP, AMO, CIP, NOR, NAL, SXT, CHL, NIT 
An Giang 10C97 x AMP, AMO, STR, TET, DOX, NAL, SXT, CHL, NIT 
An Giang 11C121 x x AMP, AMO, NAL, SXT, CHL, NIT 
An Giang 11C123 x AMP, AMO, GEN, STR, TET, DOX, NAL, SXT, CHL, NIT 
An Giang 11C132 x AMP, AMO, GEN, TET, NAL, SXT, CHL, NIT 
An Giang 11C143 x AMP, AMO, GEN, TET, NAL, SXT, CHL, NIT 
An Giang 11C147 x AMP, AMO, GEN, STR, TET, DOX, NAL, SXT, CHL, NIT 
An Giang 11C249 x x x AMP, AMO, STR, KAN, SXT 
An Giang 11C287 x x x AMP, AMO, STR, KAN, TET, NAL, SXT 
Total  0 7 5 4 8 0 0 
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Table 4.9. Plasmid content of selected catfish Aeromonas spp. 
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Antibiotic resistance profile 
DongThap 6C60 x x AMP, AMO, STR, KAN, NAL, SXT, CHL, NIT 
Vinh Long 7C44 x AMP, AMO, STR, TET, DOX, SXT, CHL 
Vinh Long 7C97 x AMP, AMO, TET, NAL, SXT, CHL 
Ben Tre 9C91 x x AMP, AMO, STR, TET, DOX, SXT, CHL 
An Giang 10C72 x x AMP, AMO, GEN, NEO, STR, TET, DOX, CIP, NAL, SXT, CHL, NIT 
An Giang 10C77 x AMP, AMO, NEO, KAN, TET, SXT 
An Giang 10C86 x AMP, AMO, NEO, STR, TET, DOX, NAL, SXT, CHL 
An Giang 11C151 x AMP, AMO, GEN, TET, DOX, SXT, CHL 
An Giang 11C152 x x AMP, AMO, STR, NAL, SXT, CHL, NIT 
CanTho 12C105 x x AMP, AMO, NAL, SXT, CHL, NIT 
CanTho 12C109 x x AMP, AMO, STR, TET, NAL, SXT, CHL, NIT 
Vinh Long 14C55 x AMP, AMO, SXT, NIT 
Vinh Long 14C60 x x AMP, AMO, TET, SXT 
Vinh Long 14C95 x AMP, AMO, STR, TET, SXT 
Vinh Long 14C125 x x AMP, AMO, KAN, TET, DOX, SXT, CHL 
Vinh Long 14C140 x AMP, AMO, STR, SXT 
Vinh Long 14C147 x AMP, AMO, NEO, STR, SXT, CHL 
An Giang R 5-4 x AMP, AMO, STR, TET, DOX, NAL, SXT 
An Giang R5-14 x x AMP, AMO, STR, CIP, NAL, SXT 
Total  1 7 0 5 10 5 0 
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Some disadvantages of this plasmid extraction method are discussed with the focus on the effects 
on the assessment of prevalence of plasmids. First of all, even chromosomal DNAs are 
diminished with time at increasing temperatures (600C) by virtue of highly denaturing conditions 
of pH 12.6 (Kado and Liu, 1981), a large amount of chromosomal DNAs were still visible (Fig. 
4.8). Therefore, plasmids at the level of chromosomal DNAs could be covered which led to 
inadequate information on plasmid profiles. Secondly, small plasmids (plasmids that migrate 
after chromosomal DNA) were mostly of weak intensity or fuzzy. These two obstacles have also 
been observed by Bertin (1995) in which the author found that small plasmids were insufficiently 
extracted and many chromosomal DNAs were present when using this technique to extract 
plasmids from E. coli. The author also indicated that plasmid DNA extracted by this method was 
not purified enough for further restriction enzyme digestion. Even when additional purification 
steps were conducted, it could not provided constant composition products to permit reproducible 
results (Bertin, 1995). However, this method was considered as the most appropriate procedure to 
extract large plasmid DNAs (Bertin, 1995). The third disadvantage that we found was the 
difficulties in applying this method for Pseudomonas spp. and Aeromonas spp. even thought it 
provided fairly good results from E. coli extraction. With these genera, removing of impurities 
after the lysis incubation and phenol/chloroform extraction steps was troublesome. This problem 
was also reported by some authors (Kado and Liu, 1981; Takahashi and Nagano, 1984). 
Therefore, the lower prevalence of plasmids in collections of Pseudomonas and Aeromonas spp. 
was observed compared to that of E. coli, possibly due to the bias of using this method (Table 
4.8, 4.9). Other prejudiced results may be the high incidences of large plasmid presence in catfish 
isolates. However, high molecular weight plasmids or large self-transferrable plasmids have been 
identified as associated with virulence and antimicrobial resistance (Guiyoule et al., 2001; Guerra 
et al., 2002; Martínez et al., 2007; Rodríguez et al., 2009). Therefore, the prevalence of large 
plasmids identified in this study was of great concern because it again emphasises the potential 
opportunity for the transfer of antibiotic resistance genes in organisms associated with the catfish 
industry. 
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4.3.7. Transferability of antibiotic resistance of E. coli, Pseudomonas spp. and 
Aeromonas spp. by transformation 
 
Plasmids extracted from catfish isolates were further studied for their ability to transfer resistance 
via transformation. Catfish E. coli plasmids were successfully transformed into competent cells 
(Table 4.10). AMP, AMO, TET and SXT resistance were observed in all transformants which 
confirmed the presence of these encoded genes in transferable plasmids. Unfortunately, these are 
antibiotics that are approved and widely used in aquaculture, therefore, prudent use of these 
antibiotics is necessary. The ability of transfer of these antibiotic resistance phenotypes by 
transformation provided more evidences to explain the high incidences of resistance to these 
antibiotics found in catfish E. coli (Chapter 3 – Section 3.3.2). 
 
Resistance to STR was transferred in most of successful transformants comparing to much lower 
frequency of KAN or no transfer of NEO, GEN, therefore, this provided evidence to explain the 
higher frequency of resistance to STR as observed, compared to other aminoglycoside resistance 
catfish E. coli isolates in this study. However, this evidence of resistance transmissibility should 
be of great concern to the catfish industry because it is likely that in ponds where the organisms 
are resistant, the use of these antibiotics is ineffective and costly.  
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Table 4.10. The transfer of resistance phenotypes of selected catfish E. coli to E. coli DH5α competent cell by electroporator 
Strains Antibiotic resistance profiles Phenotype transferred  IntI1  Plasmids
3C21 AMP, AMO, TET, DOX, NAL, SXT, CHL, NIT, STR AMP, AMO, TET, SXT, STR + 1 
3C21* AMP, AMO, TET, SXT, STR  + 1 
7C1 AMP, AMO, TET, DOX, NAL, SXT, CHL, STR AMP, AMO, TET, SXT, CHL + 1 
7C1* AMP, AMO, TET, SXT, CHL  + 1 
8C19 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, STR AMP, AMO, TET, SXT, CHL, STR + 1 
8C19* AMP, AMO, TET, SXT, CHL, STR  + 1 
10C8 AMP, AMO, NEO, TET, DOX, SXT, CHL, STR, KAN AMP, AMO, TET, SXT, CHL, KAN + 2 
10C8* AMP, AMO, TET, SXT, CHL, KAN  + 2 
10C40 AMP, AMO, TET, DOX, SXT, STR AMP, AMO, TET, SXT, STR + 1 
10C40* AMP, AMO, TET, SXT, STR  + 1 
13C1 AMP, AMO, TET, DOX, SXT, CHL, STR AMP, AMO, TET, SXT, STR + 1 
13C1* AMP, AMO, TET, SXT, STR  + 1 
13C20 AMP, AMO, TET, SXT, STR AMP, AMO, TET, SXT, STR + 1 
13C20* AMP, AMO, TET, SXT, STR  + 1 
8C13 AMP, AMO, STR, TET, DOX, CIP, SXT, CHL AMP, AMO, STR, TET, SXT, CHL + 1 
8C13* AMP, AMO, STR, TET, SXT, CHL + 1 
11C28 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL AMP, AMO, TET, SXT + 3 
11C28* AMP, AMO, TET, SXT + 1 
 
*: successful transformants. 
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Table 4.11. The transfer of resistance phenotypes of catfish Pseudomonas spp. to E. coli DH5α competent cell by electroporator 
Strains Antibiotic resistance profiles Phenotype transferred  IntI1 Plasmids
4C95 AMP, AMO, NEO, TET, DOX, CIP, NOR, NAL, SXT, STR, KAN AMP, AMO + 2 
4C95* AMP, AMO  - 1 
10C87 AMP, AMO, TET, DOX, NAL, SXT, NIT, STR AMP, AMO, TET, SXT, STR + 1 
10C87* AMP, AMO, TET, SXT, STR  + 1 
11C132 AMP, AMO, GEN, TET, DOX, SXT, CHL, STR AMP, AMO, SXT, CHL + 1 
11C132* AMP, AMO, SXT, CHL  + 1 
11C143 AMP, AMO, GEN, TET, DOX, SXT, CHL, STR AMP, AMO, SXT, CHL, STR + 1 
11C143* AMP, AMO, SXT, CHL, STR  + 1 
11C147 AMP, AMO, GEN, TET, DOX, SXT, CHL, STR AMP, AMO, SXT, CHL + 1 
11C147* AMP, AMO, SXT, CHL  + 1 
*: successful transformants. 
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Table 4.12. The transfer of resistance phenotypes of catfish Aeromonas spp. to E. coli DH5α competent cell by electroporator 
Strains Antibiotic resistance profiles Phenotype transferred  IntI1 Plasmids
9C91 AMP, AMO, TET, DOX, NAL, SXT, CHL, STR AMP, AMO, CHL + 2 
9C91* AMP, AMO, CHL  - 1 
14C95 AMP, AMO, TET, DOX, SXT, STR AMP, AMO, TET, SXT, STR + 1 
14C95* AMP, AMO, TET, SXT, STR  + 1 
10C72 AMP, AMO, GEN, NEO, TET, DOX, SXT, CHL, KAN AMP, AMO + 2 
10C72* AMP, AMO  - 1 
14C60 AMP, AMO, TET, DOX, SXT, STR AMP, AMO, TET, SXT, STR - 2 
14C60* AMP, AMO, TET, SXT, STR  - 1 
14C140 AMP, AMO, TET, SXT, STR AMP, AMO - 1 
14C140* AMP, AMO  - 1 
12C105 AMP, AMO, NAL, SXT, CHL, NIT AMP, AMO - 2 
12C105* AMP, AMO  - 1 
*: successful transformants. 
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Transfer of CHL resistance phenotype was commonly found in catfish E. coli, in which all E. coli 
transferred that phenotype along with resistance to SXT, TET and STR, the antibiotics that 
widely used in aquaculture (Table 4.10). In all successful transformants that observed the 
transmission of CHL resistance phenotype, class 1 integrons were fully detected. These results 
were in agreement with publication of  Bischoff et al. (2005) in which the authors found genetic 
linkage between chloramphenicol resistance gene (cmlA) and streptomycin (aadA1, aadA2) and 
sulfonamide (sul1, sul3) resistance genes in class 1 integrons. In CHL absent environment (the 
use of CHL was prohibited in aquaculture in Vietnam since 2005), resistance to CHL can persist 
as a consequence of co-transfer with resistance to sulfamethoxazole, tetracycline or streptomycin. 
These results clearly explained the moderate levels of CHL resistance in catfish E. coli isolates. 
 
Both two plasmids (120 kb and 165 kb) of isolate 10C8 could be transferred to competent cell 
(Fig. 4.9). However, antibiotic susceptibility testing of transformant observed inadequate 
resistance phenotypes comparing to those of donor strain (Table 4.10). Possible reasons were the 
genes conferring those unexpressed resistances may have been harboured on chromosome or 
poorly expressed. Plasmid of catfish E. coli 8C13 (95 kb) was successfully transferred to 
competent cell with all of its resistance phenotypes except quinolones (CIP). Similar explanations 
of possibly poor  expression of quinolone resistance might have been the reason. In addition, 
resistance to quinolones may be the result of chromosomal mutations (Crump et al., 2011) that 
may not be transferred via transformation. Other catfish E. coli 11C28 carried three plasmids, 
however, antibiotic susceptibility testing and plasmid detection of successful transformant 
confirmed the transmission of only one plasmid of 95 kb to competent cell with the expression of 
AMP, AMO, TET, SXT resistance phenotypes. Other resistance genes were possibly harboured 
on two other plasmids or on the chromosome. PCR amplification to detect IntI1 gene confirmed 
the presence of class 1 integron in all transformants that expressed the resistance to SXT (Fig. 
4.12). 
 
In summary, class 1 integron and antibiotic resistance phenotypes can be transferred between E. 
coli by transformation even in the laboratory environment. Although laboratory transformation is 
inadequate reflection of natural transformation, its ability of transmission of resistance genes was 
still important evidence to cause concern on the likelihood of the dissemination of resistance 
genes in the environment. Resistance to commonly used antibiotics, AMP, AMO, TET, SXT and 
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STR, can be transferred among E. coli isolates, therefore the use of these antibiotics in 
aquaculture must be controlled. In E. coli, even in the CHL absent environment, the maintenance 
of CHL resistance may occurred due to co-transfer of CHL resistance gene with other genes 
encoding resistance to antimicrobials approved for use in aquaculture. 
 
 
 
Figure 4.9.  Plasmid DNAs of  E. coli donors, competent cell and transformants. Lane 1 and 11: 
BAC-Tracker Supercoiled DNA ladder. Lane 2, 3, 4, 5: plasmids of donor isolates 3C21, 8C19, 
10C8, 13C20, respectively. Lane 6: plasmid extracted of competent cell. Lane 7, 8, 9, 10: 
plasmids of transformants 3C21*, 8C19*, 10C8*, 13C20*, respectively. 
 
 
Transferability of antibiotic resistance phenotype of Pseudomonas spp. is shown in Table 4.11. 
Similar to the results in E. coli, transfer of AMP and AMO resistance phenotypes can be 
observed in all successful transformants, providing more evidence of high levels of resistance to 
AMP, AMO found in catfish Pseudomonas spp. in this study. However, in most of Pseudomonas 
isolates, 11C132, 11C143, 11C147, TET resistance phenotype was not transferred except isolate 
10C87 (1 plasmid of 55-95 kb). Because there was only plasmid extracted from these 
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Pseudomonas spp. (all containing 1 plasmid of 95 kb) (Fig. 4.10), gene conferring TET resistance 
was poorly expressed or possibly located on chromosome in donors.  
 
Resistance to STR can be transferred from plasmids of Pseudomonas to E. coli DH5α, in contrast 
to resistance to other aminoglycosides such as NEO (Table 4.11). This provided more evidence to 
explain the higher level of STR resistance observed in catfish isolates comparing to other 
aminoglycosides in this study. Similar to the results of E. coli, resistance to CHL can be co-
transferred with SXT, AMP, AMO resistances in catfish Pseudomonas isolates. A strong 
correlation between the expression of SXT resistance and the presence of class 1 integron was 
observed in successful transformants (Fig 4.12).  
 
Isolate 4C95 possessed 2 plasmids (8-38 kb and 120 kb), however, only one plasmid (8-38 kb) 
that carried resistance to AMP, AMO was successfully transferred to E. coli competent cell by 
transformation. Other resistance phenotypes may be harboured on other plasmid (120 kb) or on 
the chromosome. Finally, we confirm the transferability of Pseudomonas genetic determinants to 
E. coli DH5α by transformation in laboratory scale (Fig. 4.10).  
 
Transformation of plasmids extracted from Aeromonas spp. was chosen with integron-positive 
and negative isolates. In all the cases, AMP and AMO resistance were found in successful 
transformants (Table 4.12). TET, STR, SXT resistance phenotypes transferred along with class 1 
integron  can be found in plasmid of isolates 14C95 (55-95 kb) (Table 4.12) (Fig. 4.11). The two 
other integron-positive isolates contained two plasmids, 9C91(120 kb and >165 kb) and 10C72 
(120 kb and 165 kb), however, only one plasmid (120 kb) was transferred without the expression 
of SXT resistance. These transformants were then found in the absence of class 1 integron 
confirming the strong correlation between the expression of SXT resistance and the presence of 
class 1 integron (Fig. 4.12). Integron-negative isolate 14C60 carried one plasmid of 55-95 kb. Its 
plasmid was transferred to competent cell along with all resistance phenotypes (intermediate 
resistance to DOX was observed in transformant) (Fig. 4.11) (Table 4.12). Although SXT 
resistance phenotype was transferred, there was no class 1 integron detected in successful 
transformant (Fig. 4.12). The rest of two integron negative isolates can transferred only one 
plasmid carried resistance to AMP, AMO (Table 4.12). 
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In conclusion, transferability of an antibiotic resistance phenotypes can be observed intraspecies 
(E. coli to E. coli) and interspecies (Pseudomonas spp., Aeromonas spp. to E. coli) by 
transformation within the laboratory. There is a strong correlation between the expression of SXT 
resistance and the presence of class 1 integron in successful transformants. Transformation also 
confirms the prevalence of β-lactams (AMP, AMO) resistance gene in transferable plasmid. 
Resistance to CHL phenotype also can be co-transferred from E. coli, Pseudomonas and 
Aeromonas spp. to E. coli DH5α competent cells along with resistance to AMP, AMO, SXT or 
STR phenotypes. These results provided evidence to explain the moderate incidence of resistance 
to CHL of catfish isolates in the absence of using this prohibited antibiotic in aquaculture in 
Mekong Delta region (Chapter 3 – Section 3.3.5.1). Although laboratory transformation 
insufficiently reflects natural transformation, its transferability of resistance genes was still 
important evidence to explain the dissemination of resistance genes in the environments. 
 
 
Figure 4.10.  Plasmid DNAs of  Pseudomonas spp. donors, competent cell and transformants. 
Lane 7: BAC-Tracker Supercoiled DNA ladder. Lane 2, 5, 9, 12: plasmid extracted of competent 
cells. Lane 1 and 3: plasmids of donor and transformant of isolate 10C87. Lane 4 and 6: plasmids 
of donor and transformant of isolate 11C132. Lane 8, 10: plasmids of donor and transformant of 
isolate 11C143. Lane 11 and 13: plasmids of donor and transformant of isolate 11C147. 
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Figure 4.11. Plasmid DNAs of Aeromonas spp. donors, competent cell and transformants. Lane 
7: BAC-Tracker Supercoiled DNA ladder. Lane 2 and 5: plasmid of competent cell. Lane 1 and 
3: plasmids of donor and transformant of isolate 14C60. Lane 4 and 6: plasmids of donor and 
transformant of isolate 14C95. 
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Figure 4.12. Class 1 integron (IntI1 gene) detection for 15 transformants. Lane 1 and 19: λ 
DNA/PstI marker. Lane 2-16: PCR products of IntI1 gene amplification of transformants 3C21*, 
7C1*, 8C19*, 10C8*, 10C40*, 13C1*, 13C20* (E. coli), 9C91*, 14C95*, 10C72* (Aeromonas 
spp.), 4C95*, 10C87*, 11C132*, 11C143*, 11C147* (Pseudomonas spp.), respectively. Lane 17: 
PCR products of IntI1 gene amplification of competent cell (negative control). Lane 18: PCR 
products of IntI1 gene amplification of strain Salmonella typhimurium DT104 (positive control). 
*: successful transformants. 
 
 
4.3.8. Transferability of antibiotic resistance of E. coli, Pseudomonas spp. and 
Aeromonas spp. isolates by conjugation 
 
In order to determine the transmissibility of resistance determinants, other horizontal transfer 
mechanism, conjugation, was conducted on donors of E. coli, Pseudomonas spp. and Aeromonas 
spp. from catfish isolates to different recipients from laboratory strains (E. coli) and to human 
and catfish isolates collected in this study (E. coli, Aeromonas spp.) (Table 4.13). 
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Resistance phenotypes to AMP, AMO, TET, DOX, SXT, CHL, STR and KAN can be transferred 
from donors to recipients of different genera (Table 4.12) in which AMP, AMO, TET, DOX and 
SXT were the most frequently transferred. Unfortunately, AMP, AMO, TET, DOX and SXT are 
antibiotics belonging to the classes β-lactams, tetracycline and dihydrofolate reductase inhibitors 
of antimicrobials that widely used in aquaculture. The dissemination of their resistance 
phenotypes were observed in the two main mechanisms of horizontal gene transfer: 
transformation (Table 4.10, 4.11, 4.12) and conjugation (Table 4.13, 4.14), among different 
genera and to human isolate,  therefore, it is not surprising to observe high incidences of 
resistance to these antibiotics in catfish commensal bacteria (Chapter 3 –  Section 3.3.5.1). The 
prudent use of these antibiotics in aquaculture  must be of high concern or should even being 
avoid, due to their obviously less efficiency and wide transferability.  
 
Transfer of resistance phenotypes to AMP, AMO has a strong correlation to transferable plasmids 
in both mechanisms of horizontal gene transfer, transformation and conjugation,  in all catfish 
isolates (Table 4.10, 4.11, 4.12, 4.14), thus, it provided more evidence to explain the high 
incidences of resistance to this class β-lactams found in catfish isolates in this study. 
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Table 4.13. The transfer of resistance phenotypes of catfish isolates by conjugation  
 
A: Aeromonas sp. from catfish 
E: E. coli from catfish 
P: Pseudomonas sp. from catfish 
L: lab strain – E. coli 
L1: lab strain – E. coli resistant to sodium azide 
H: E. coli from human 
*: recipient already possessed resistance to AMP, AMO, TET, DOX, STR before conjugation experiment. 
**: recipient already possessed resistance to SXT, STR before conjugation experiment. 
***: recipient already possessed resistance to AMP, AMO before conjugation experiment. 
*****: recipient already possessed resistance to CIP, NOR, NAL, SXT, CHL before conjugation experiment. 
******: no plasmid extracted from donor and recipient 
Source Donor Resistance phenotypes of the donors Source Recipient Resistance phenotypes of the recipients Phenotype transferred to the recipients 
A 10C72 AMP, AMO, TET, DOX,  SXT, CHL, KAN L JM109 NAL AMP, AMO, TET, DOX,  SXT, CHL, KAN 
E 11C20 AMP, AMO, TET, DOX,  SXT, STR L JM109 NAL AMP, AMO, TET, DOX,  SXT, STR 
A 10C77 AMP, AMO, TET, DOX, SXT L JM109 NAL AMP, AMO, TET, DOX, SXT 
A 10C72 AMP, AMO, TET, DOX,  SXT, CHL, KAN L1 1-33 Sodium azide AMP, AMO, TET, DOX,  SXT, CHL, KAN 
A 10C72 AMP, AMO, TET, DOX,  SXT, CHL, KAN L1 1-35 Sodium azide AMP, AMO, TET, DOX,  SXT, CHL 
E 8C13 AMP, AMO, TET, DOX,  SXT, CHL, STR L HB101 AMP, AMO, NEO, TET, DOX, STR, KAN SXT, CHL* 
E 11C20 AMP, AMO, TET, DOX, SXT, STR H 962/11 CIP, NOR, NAL, SXT, CHL, STR AMP, AMO, TET, DOX** 
E 11C28 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, KAN A 15C19 AMP, AMO, NAL, STR TET, DOX, CIP, NOR, SXT, CHL, *** 
E 11C28 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, KAN H 962/11 CIP, NOR, NAL, SXT, CHL, STR AMP, AMO, TET, DOX**** 
P 9C48 AMP, AMO, TET, DOX, SXT L JM109 NAL AMP, AMO, TET, DOX, SXT***** 
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Table 4.14. The transfer of plasmids and IntI1 gene of catfish isolates by conjugation  
 
A: Aeromonas sp. from catfish                                                     E: E. coli from catfish 
P: Pseudomonas sp. from catfish                                                  L: lab strain E. coli 
L1: lab strain  E. coli resistant to sodium azide                            H: E. coli from human 
[ ]: intermediate resistance            DL: data lost 
 
 
Source ID Resistance phenotype Int1 plasmids
Donor A 10C72 AMP, AMO, TET, DOX,  SXT, CHL, KAN + 2
Recipient L JM109 NAL - 0
Transconjugant 10C72-JM AMP, AMO, TET, DOX,  NAL, SXT, CHL, KAN + 2
Donor E 11C20 AMP, AMO, TET, DOX,  SXT, STR + 1
Recipient L JM109 NAL - 0
Transconjugant 11C20-JM AMP, AMO, TET, DOX,  NAL, SXT, STR + 1
Donor E 10C77 AMP, AMO, TET, DOX, SXT + 1
Recipient L JM109 NAL - 0
Transconjugant 10C77-JM AMP, AMO, TET, DOX, NAL, SXT + 1
Donor A 10C72 AMP, AMO, TET, DOX,  SXT, CHL, KAN + 2
Recipient L1 1-33   - 0
Transconjugant 10C72-1-33 AMP, AMO, TET, DOX,  SXT, CHL, KAN +        DL
Donor A 10C72 AMP, AMO, TET, DOX,  SXT, CHL, KAN + 2
Recipient L1 1-35   - 0
Transconjugant 10C72-1-35 AMP, AMO, TET, DOX,  SXT, CHL, [KAN] + DL
Donor E 8C13 AMP, AMO, TET, DOX,  SXT, CHL, STR + 1
Recipient L HB101 AMP, AMO, NEO, TET, DOX, STR, KAN - 1
Transconjugant 8C13-HB AMP, AMO, NEO, TET, DOX, SXT, CHL, STR, KAN + 2
Donor E 11C20 AMP, AMO, TET, DOX, SXT, STR + 1
Recipient H 962/11 CIP, NOR, NAL, SXT, CHL, STR - 0
Transconjugant 11C20-962/11 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, STR + 1
Donor E 11C28 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, KAN + 3
Recipient A 15C19 AMP, AMO, NAL, STR - 0
Transconjugant 11C28-15C19 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, [KAN], STR + 3
Donor E 11C28 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, KAN + 3
Recipient H 962/11 CIP, NOR, NAL, SXT, CHL, STR - 0
Transconjugant 11C28-962/11 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, [KAN], STR + 3
Donor P 9C48 AMP, AMO, TET, DOX, SXT + 0
Recipient L JM109 NAL - 0
Transconjugant 9C48-JM109 AMP, AMO, TET, DOX, NAL, SXT + 0
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Transmission of CHL has been occurring along with SXT, AMP, AMO and TET, DOX, similar 
to the results of transformation, suggesting that in the absence of phenicol selective pressure, a 
mechanism of co-selection and maintenance of CHL resistance exists (Table 4.13, 4.14). 
Transfers of STR resistance phenotype occured by transformation (Table 4.10, 4.11, 4.12) and 
conjugation (Table 4.13, 4.14), therefore, provided more evidence to explain the high frequency 
of resistance to STR occurring in different genera of catfish commensal bacteria (Chapter 3 – 
Section 3.3.5.1). In addition, the transmissions of resistance to STR in association with SXT 
resistance phenotype were observed (Table 4.10. 4.11, 4.12, 4.13) in both mechanisms of gene 
transfer (transformation and conjugation). This might explain the higher incidence of resistance 
to STR comparing to other aminoglycoside antibiotics (GEN, NEO, KAN). 
 
Donors of different genera and host sources can transfer their resistance phenotypes to different 
recipients such as Aeromonas sp. from catfish and to laboratory strains E. coli, or E. coli from 
catfish transferred resistance to laboratory strain E. coli, human E. coli, and catfish Aeromonas 
sp., or Pseudomonas sp. isolates from catfish transferred resistance to laboratory strain E. coli 
(Table 4.13, 4.14) via conjugation. Class 1 integron was found in all transconjugants confirming 
its significant role in antibiotic resistance dissemination (Fig. 4.14). Appropriate plasmids can be 
extracted from all transconjugants (Fig. 4.13) except one Pseudomonas sp. This isolate, 9C48, 
and its transconjugant showed no plasmid extracted by the plasmid isolation method applied. 
However, its resistance phenotypes and the presence of class 1 integron were correctly found in 
transconjugant suggesting the presence of integron and resistance genes on other mobile elements 
such as transposon or the failure of plasmid extracting method applying to Pseudomonas spp. 
isolate.  
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Figure 4.13. Plasmid extraction of donors, recipients and transconjugants of selected isolates. 
Lane 1, 8, 12, 18: BAC-Tracker Supercoiled DNA ladder. Lane 2, 3, and 4: plasmids of donor 
8C13 (E. coli), recipient HB101 (E. coli), transconjugant 8C13-HB101, respectively. Lane 5, 6, 
and 7: plasmids of donor 10C77 (Aeromonas sp.), recipient JM109 (E. coli), transconjugant 
10C77-JM109, respectively. Lane 9, 10, and 11: plasmids of donor 10C72 (Aeromonas sp.), 
recipient JM109 (E. coli), transconjugant 10C72-JM109, respectively. Lane 13, 14, 15, 16, 17: 
plasmids of donor 11C28 (E. coli), recipient 15C19 (Aeromonas sp.), recipient 962/11 (human E. 
coli), transconjugant 11C28-15C19, transconjugant 11C28-962/11, respectively. 
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Figure 4.14. Class 1 integron (IntI1 gene) detection of selected recipients and transconjugants. 
Lane 1 and 20: λ DNA/PstI marker. Lane 19: PCR products of IntI1 gene amplification of 
Salmonella typhimurium DT104 (positive control).  Lane 2, 9, 10, 11, 15: PCR products of IntI1 
gene amplification of  laboratory E. coli recipients HB101 (L), 1-25, 1-33, 1-35 (L1), JM109 (L), 
respectively. Lane 4, 5, 6, 8, 16, 17, 18: PCR products of IntI1 gene amplification of 
transconjugants 8C13-HB101, 11C28-15C19, 11C28-962/11, 11C20-962/11, 10C72-JM109, 
10C77-JM109, 9C48-JM109, respectively. Lane 3, 12, 13, 14: PCR products of IntI1 gene 
amplification of transconjugants of human isolates 1153/9-HB101, 1118/9-1-25, 1118/9-1-33, 
1118/9-1-35, respectively. 
 
 
4.3.9. Detection of 3’-conserved segment (CS) and sulfonamide resistance (sul2 
and sul3) genes of class 1 integrons that cannot yield amplicons by PCR 
amplification of cassette region  
 
The components of typical class 1 integrons include the IntI1 integrase gene in the 5’-CS, and the 
qacEΔ1 and sul1 genes in the 3’-CS, conferring resistance to quaternary ammonium compounds 
and to sulfonamides, respectively (Carattoli, 2001; Mazel, 2006). However, class 1 integrons 
lacking this normal 3’-CS have been reported (Bischoff et al., 2005; Antunes et al., 2007; 
Toleman et al., 2007; Sunde et al., 2008; Liu et al., 2009; Partridge et al., 2009), we hereby 
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termed them as untypical class 1 integrons. High prevalence of untypical class integron found 
worldwide indicated that a large number of possible new cassette arrays need to be studied. Most 
of the authors above reported the occurrence of untypical class 1 integron in association with the 
presence of sul3 gene, a new sulfonamide resistance gene. The sul3 gene was first described by 
Perreten et al. (2003) from sulfonamide-resistant pathogenic E.coli isolates from pigs in 
Switzerland (Perreten and Boerlin, 2003). The discovery was basically dependent on the previous 
study that reported only 70% of sulfonamide resistant isolates from pigs were associated with 
sul1 and sul2 genes, reflecting a possible presence of a new sulfonamide resistant gene (Lanz et 
al., 2003). In addition, other known sulfonamide resistance genes, sul1 and sul2, were studied as 
well since they mainly conferred resistance to older antibiotic, sulfonamides, in which sul1 is 
often found in relation with class 1 integron as part of 3’-CS (Partridge et al., 2009) and sul2 gene 
is located on plasmids (non-conjugative or large transmissible multiple resistance) (Sköld, 2000; 
Enne et al., 2001). Furthermore, sul2 gene was recently found in association with streptomycin 
resistance gene pair strA/strB and IS26 (Soufi et al., 2011). However, untypical class 1 integrons 
truncated by IS26 were frequently reported (Antunes et al., 2007; Dawes et al., 2010; Sáenz et al., 
2010; Vinué et al., 2010; Soufi et al., 2011) implying the possible association between sul2 gene 
and untypical class 1 integrons. In summary, all of these sulfonamide resistance genes (sul1, sul2, 
sul3) were found in mobile genetic elements (typical and untypical class 1 integron and 
transmissible plasmids) in which sul2 and sul3 genes were frequently observed in untypical class 
1 integrons. The frequencies of occurrence of  untypical integrons in different genera of different 
origins were unknown (Sáenz et al., 2010). Therefore, a study on the presence of 3’-CS 
(qacEΔ1/sul1 region) in 57 catfish class 1 integron positive isolates which displayed cassette 
region non-amplification (35 E. coli, 15 Pseudomonas spp. and 7 Aeromonas spp. in this study) 
was undertaken and their relation to the distribution of sulfonamide resistance genes (sul2 and 
sul3 genes) was determined.   
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Table 4.15.  The prevalence of sul2 and sul3 genes in the untypical class 1 integrons of catfish E. coli isolates  
 
ID Resistance phenotypes Plasmids IntI1 qacEΔ1/ sul1 sul2 sul3 
2C16 AMP, AMO, STR, TET, SXT, CHL 2 + - + - 
3C21 AMP, AMO, STR, TET, SXT 2 + - + - 
3C24 AMP, AMO, STR, TET, SXT 2 + - + - 
6C31 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL 2 + - + + 
6C36 AMP,AMO, NEO, KAN, TET, DOX, SXT, CHL 1 + - + + 
7C1 AMP, AMO, STR, TET, DOX, NAL, SXT, CHL 2 + - + + 
7C7 AMP, AMO, NEO, STR, SXT, CHL 1 + - + - 
7C14 AMP, AMO, NEO, NAL, SXT, CHL 1 + - + + 
7C37 AMP, AMO, STR, TET, DOX, NAL, SXT 3 + - + + 
7C39 AMP, AMO, TET, DOX, NAL, SXT, CHL 1 + - + + 
8C11 AMP, AMO, STR, TET, DOX, SXT 1 + - + - 
8C13 AMP, AMO, STR, TET, DOX, CIP, SXT, CHL 1 + - + - 
8C19 AMP, AMO, STR, TET, DOX, NAL, SXT, CHL 1 + - + - 
9C46 AMP, AMO, STR, TET, DOX, SXT, CHL 1 + - + - 
10C1 AMP, AMO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT 2 + - + - 
10C40 AMP, AMO, STR, TET, DOX, SXT 1 + - + - 
11C20 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NAL, SXT 1 + - + - 
11C28 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL 3 + - + - 
13C1 AMP, AMO, STR, TET, DOX, SXT, CHL 1 + - - - 
13C20 AMP, AMO, STR, TET, DOX, SXT 1 + - - - 
14C27 TET, DOX, SXT 2 + - - - 
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Table 4.15.  The prevalence of sul2 and sul3 genes in the untypical class 1 integrons of catfish E. coli isolates (cont.) 
 
 
ID Resistance phenotypes Plasmids IntI1 qacEΔ1/ sul1 sul2 sul3 
3C14 AMP, AMO, TET, SXT 1 + - + + 
3C22 AMP, AMO, STR, TET, SXT 1 + - + - 
6C48 AMP, AMO, STR, TET, SXT 1 + - + - 
7C25 AMP, AMO, STR, TET, NAL, SXT 1 + - + - 
7C33 AMP, AMO, TET, DOX, SXT, CHL 2 + - - + 
7C34 AMP, AMO, TET, DOX, NAL, SXT 1 + - + + 
8C2 AMP, AMO, STR, SXT 2 + - + + 
8C10 AMP, AMO, STR, TET, SXT 2 + - + - 
9C23 AMP, AMO, STR, SXT, CHL 1 + - + - 
10C4 AMP, AMO, STR, TET, DOX, SXT 1 + - + - 
11C36 AMP, AMO, STR, TET, DOX, SXT 3 + - + - 
11C40 AMP, AMO, STR, TET, DOX, SXT 1 + - + - 
12C10 AMP, AMO, NEO, STR, KAN, TET, DOX, NAL, SXT 3 + - + - 
12C31 AMP, AMO, STR, TET, DOX, CIP, NAL, SXT, CHL 2 + - + - 
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Table 4.16.  The prevalence of sul2 and sul3 genes in the untypical class 1 integrons of catfish Pseudomonas isolates  
 
ID Resistance phenotypes Plasmids IntI1 qacEΔ1/sul1 sul2 sul3 
5C19 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT 0 + - - - 
5C20 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT 0 + - - - 
5C21 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT 0 + - - - 
5C23 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT 0 + - - - 
5C24 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT 0 + - - - 
5C25 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT 0 + - - - 
9C48 AMP, AMO, TET, DOX, SXT 0 + - - - 
9C53 AMP, AMO, STR, DOX, NAL, SXT, CHL, NIT 1 + - + + 
9C61 AMP, AMO, STR, TET, DOX, NAL, SXT, CHL, NIT 0 + - + - 
9C64 AMP, AMO, CIP, NOR, NAL, SXT, CHL, NIT 0 + - + - 
10C87 AMP, AMO, NAL, SXT, CHL, NIT 1 + - + - 
11C123 AMP, AMO, GEN, STR, TET, DOX, NAL, SXT, CHL, NIT 1 + - + - 
11C130 AMP, NAL, SXT, CHL, NIT 0 + - - - 
11C249 AMP, AMO, STR, KAN, SXT 1 + - + - 
11C287 AMP, AMO, STR, KAN, TET, NAL, SXT 2 + - + - 
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Table 4.17. The prevalence of sul2 and sul3 genes in the untypical class 1 integrons of catfish Aeromonas isolates  
 
 
ID Resistance phenotypes Plasmids IntI1 qacEΔ1/sul1 sul2 sul3 
7C44 AMP, AMO, STR, TET, DOX, SXT, CHL 0 + - + - 
7C97 AMP, AMO, TET, NAL, SXT, CHL 1 + - + + 
14C95 AMP, AMO, STR, TET, SXT 1 + - + - 
14C125 AMP, AMO, KAN, TET, DOX, SXT, CHL 1 + - + - 
R 5-4 AMP, AMO, STR, TET, DOX, NAL, SXT 1 + - + - 
15C51 AMP, AMO,KAN, TET, NAL, SXT 0 + - - - 
15C52 AMP, AMO,KAN, NAL, SXT 0 + - - - 
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The presence of 3’-CS (qacEΔ1/sul1 region) was not detected in all 57 catfish class 1 integron 
positive isolates which displayed cassette region non-amplification (Table 4.15, 4.16, 4.17) (Fig. 
4.15). The occurrence of untypical class 1 integron in catfish was high of 67.1% (57 isolates out 
of 85 integron positive isolates) including 72.9% (35 out of 48) of E. coli, 68.2% (15 out of 22) 
of Pseudomonas spp. and 46.7% (7 out of 15) of Aeromonas spp. isolates, respectively (Section 
4.3.2). Other authors reported the frequency of presence of untypical class 1 integron in human E. 
coli  isolates from 4.5% to 32.1% (White et al., 2001; Yu et al., 2003; Dawes et al., 2010; Sáenz 
et al., 2010; Vinué et al., 2010). The frequencies of occurrence of untypical class 1 integron in 
environmental and animal isolates were commonly found in higher levels (57.6% to 84.4%) than 
those of human isolates (Rosser and Young, 1999; Chen et al., 2010; Dawes et al., 2010) that 
compatible with the results in this study. 
 
Untypical class 1 integrons were reported in many publications (Rosser and Young, 1999; White 
et al., 2001; Yu et al., 2003; Chen et al., 2010), however, most of them have been largely ignored. 
Some possible reasons that cause no PCR products for cassette region amplification of class 1 
integron positive isolates by using standard 5’-CS and 3’-CS primers are summarised. First of all, 
a hybrid integron with structure composed of IntI2 of class 2 integron and 3’-CS of class1 
integron was discovered in Acinetobacter baumannii  (Ploy et al., 2000). The discovery implied a 
theory of a reciprocal structure of integrons with 5’-CS of class 1 and tns region of class 2 may 
be occurred, however, to date, no evidence was published (Partridge et al., 2009). Secondly, the 
presence of 3’-CS was reported as frequently absent in Tn402-like class 1 integrons, instead, it 
includes a transposition gene module (tni module) containing tniA, tniB, tniQ, and tniR (or tniC) 
(Post et al., 2007). Gene cassettes of Tn402-like class 1 integrons amplified by primers designed 
for 5’-CS and tniR (tniC) gene were reported (Post et al., 2007; Toleman et al., 2007). Thirdly, a 
possible genetic linkage between sul3 gene and untypical class 1 integron was frequently 
reported (Bischoff et al., 2005; Antunes et al., 2007; Toleman et al., 2007; Sunde et al., 2008; Liu 
et al., 2009; Partridge et al., 2009; Sáenz et al., 2010; Vinué et al., 2010; Soufi et al., 2011). 
Sequencing studies of those untypical class 1 integrons were commonly showing a genetic 
structure of qacH+IS440+sul3 beyond the gene cassette arrays, therefore, a possible replacement 
of this complex to qacEΔ1/sul1 in 3’-CS of untypical class 1 integrons was postulated. However, 
to date, no reliable evidence of possible roles of new replaced structure has been confirmed. The 
fourth reason was found in some untypical class 1 integrons truncated by different Insertion 
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Sequence (IS) in which cassette regions are truncated by IS6100, IS1, IS26 as were already 
reported (Partridge et al., 2009). All of these possibilities would lead to loss of primer binding 
sites and so no PCR amplification of the cassette arrays were observed. The prevalence of class 1 
integrons with IS26-mediated deletions in 3’CS was reported in E. coli of human and animal 
origins (Dawes et al., 2010). Finally, another possible reason was the failure in amplification if 
cassette array was long, due to carrying many cassettes and/or insertions. Among these possible 
explanations, the presence of sul3 gene and IS26 together in a integron which made it difficult to 
amplify were frequently reported (Bischoff et al., 2005; Antunes et al., 2007; Toleman et al., 
2007; Sunde et al., 2008; Liu et al., 2009; Partridge et al., 2009; Dawes et al., 2010; Sáenz et al., 
2010; Vinué et al., 2010; Soufi et al., 2011).  
 
The prevalence of sulfonamide resistance genes (sul2 and sul3) in untypical class 1 integrons of 
catfish isolates was studied due to the possible association between sul2 gene and IS26 (Vinué et 
al., 2010) and the prevalence of sul3 gene and IS26 as discussed above in untypical class 1 
integrons (Bischoff et al., 2005; Antunes et al., 2007; Toleman et al., 2007; Sunde et al., 2008; 
Liu et al., 2009; Partridge et al., 2009; Dawes et al., 2010; Sáenz et al., 2010; Vinué et al., 2010; 
Soufi et al., 2011). The sul2 gene was the most predominant with the rate of presence of 75.4% 
(43 isolates out of 57) (Table 4.15, 4.16, 4.17). The frequencies of occurrence of sul2 gene were 
88.6% (31 isolates out of 35) in E. coli, 46.7% (7 out of 15) in Pseudomonas spp. and 71.4% (5 
out of 7) in Aeromonas spp. isolates, respectively (Fig. 4.16). The sul3 gene was found in 12 
isolates of the total of 57 untypical integrons (21.1%) including 28.6% in E. coli, 6.7% in 
Pseudomonas spp. and 14.3% in Aeromonas spp. (Fig. 4.17). The combination of the two genes 
sul2 and sul3 was detected in 11 isolates (nine E. coli, one Pseudomonas sp. and one Aeromonas 
sp.). Other authors found the presence of sul2 gene were frequently with the range from low 
levels of 19% in canal water bacteria to high levels of 50% to 80% in bacteria or Salmonella 
enterica or E. coli from human or animal sources (Antunes et al., 2005; Hammerum et al., 2006; 
Phan et al., 2008). The sul3 gene was also detected in low frequency of less than 14% in canal 
water, human and animal sources. In untypical class 1 integron isolated from catfish in this study, 
the levels of occurrence of sul2 and sul3 genes were high with the most prevalence of sul2 gene. 
Therefore, a possible correlation between the prevalence of sulfonamide resistance genes (sul2 
and sul3) and untypical class 1 integron was supposed. 
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Recently, several authors tried to sequence cassette arrays of untypical class 1 integrons utilising 
of primer walking as the most applicable strategy (Sáenz et al., 2010; Vinué et al., 2010; Soufi et 
al., 2011). Other technique such as inverted PCR was also published with some successful results 
(Vo et al., 2006; Lee et al., 2010). In this study, the frequency of untypical class 1 was high at 
67.1% among integron positive isolates. Therefore, the amplification and sequencing of cassette 
arrays of these integrons were preliminarily performed by normal and expand long template PCR 
using pairs of primers that targeting 5’-CS and sul3-F or sul3-R (sul3 gene in reverse direction to 
5’-CS (Bischoff et al., 2005)); or 5’CS and IS26-R primer (JL-D2 or JL-D7) (Dawes et al., 2010); 
or Tn402-like class 1 integrons (Post et al., 2007). Some very fuzzy products (expand long 
template PCR) and many unspecific bands were obtained, possibly due to the lack of 
optimization of  the conditions of PCR reactions for long strand amplification or the weak 
binding of the primers. However, the information did show some fuzzy products indicating that 
this warrants for the investigation to see if there is a new integron circulating in the aquaculture 
environment in Vietnam. 
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Figure 4.15. Detection of qacEΔ1/sul1 region of 15 untypical class 1 integron Pseudomonas spp. 
isolates. Lane 1 and 18: λ DNA/PstI marker. Lane 17: PCR product of qacEΔ1/sul1 region 
amplification of positive control strain S. typhimurium DT104. Lane 2-16: PCR products of 
qacEΔ1/sul1 region amplification of 15 untypical class 1 integron Pseudomonas spp. isolates 
5C19, 5C20, 5C21, 5C23, 5C24, 5C25, 9C48, 9C53, 9C61, 9C64, 10C87, 11C123, 11C130, 
11C249, 11C287, respectively. 
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Figure 4.17. Detection of sul3 gene of 7 catfish Aeromonas spp. and 21 catfish E. coli untypical 
class 1 integrons.  
A. PCR products of sul3 gene amplification of 7 catfish Aeromonas spp. and 7 catfish E. coli 
untypical class 1 integrons. Lane 1, 10, and 19: λ DNA/PstI marker. Lane 9 and 18: PCR 
products of sul3 gene amplification of positive control of catfish E. coli isolates 7C37. Lane 2-8: 
PCR products of sul3 gene amplification of 7 catfish Aeromonas spp. 7C44, 7C97, 14C95, 
14C125, R 5-4, 15C51, 15C52, repectively. Lane 11-17: PCR products of sul2 gene amplification 
of 7 catfish E. coli 2C16, 3C21, 3C24, 6C31, 6C36, 7C1, 7C7, repectively.  
B. PCR products of sul3 gene amplification of 14 catfish E. coli untypical class 1 integrons. Lane 
1 and 18:  λ DNA/PstI marker. Lane 17: PCR products of sul3 gene amplification of positive 
control of catfish E. coli isolates 7C37. Lane 2-16: PCR products of sul3 gene amplification of 14 
untypical class 1 integron E. coli 7C14, 7C37, 7C39, 8C11, 8C13, 8C19, 9C46, 10C1, 10C40, 
11C20, 11C28, 13C1, 13C20, 14C27, blank, respectively.  
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4.4. Conclusion 
 
High frequencies of  occurrence (45.7%) of class 1 integrons were observed in catfish isolates in 
Vietnam, however, there was no class 2 integrons detected. Prevalence of untypical class 1 
integrons was 72.9% in integron positive E. coli, 68.2% in Pseudomonas spp. and 46.7% in 
Aeromonas spp. due to the lacking of normal 3’-CS.  
 
Five different gene cassette array sizes with six corresponding cassettes were observed in class 1 
integrons comprising of 0.7 kb: dfrA21(Aeromonas sp.), 1 kb: aadA1 (E. coli, Pseudomonas and 
Aeromonas spp.), 1.2 kb: dfrA1-orfX (E. coli and Aeromonas sp.), 1.7 kb (E. coli: dfrA17-aadA5 
and Aeromonas spp.: catB8-aadA1) and 1.9 kb: dfrA12-orfF-aadA2 (E. coli, Pseudomonas and 
Aeromonas spp.). Cassette arrays of class 1 integron revealed the prevalence of genes that confer 
resistance to TMP and STR, thus, providing more evidence to explain the high incidences of 
resistance to SXT and STR found in catfish isolates in Chapter 3. In addition, the same amplicon 
patterns and identical gene cassette arrays of class 1 integrons found in catfish isolates of either 
E. coli, Pseudomonas or Aeromonas spp. in the same farms in the Mekong Delta possibly 
indicated that the transfer of antibiotic resistance genes via class 1 integrons among commensal 
flora of catfish occurred in the catfish farm environment of this region and possibly spreading 
along the river. 
 
The high prevalence (45.7%) of catfish isolates carried plasmids in which highest rates (74.2%) 
were found in E. coli. Large plasmids which were likely to be associated with virulence and 
antimicrobial resistance were predominant (76.4%) in extracted plasmids. No clear correlation 
between plasmid profiles and antibiotic resistance was observed. The applied procedure of 
plasmid extraction showed some disadvantages such as the presence of many chromosomal 
DNAs, the weak intensity of small plasmids, and the difficulties of removes impurities when 
extracting plasmids of Pseudomonas and Aeromonas strains.  
 
Class 1 integrons were demonstrated to be transmissible intraspecies and interspecies by 
transformation and conjugation in the laboratory confirming their significant roles in 
dissemination of antibiotic resistances. Resistance phenotypes to AMP, AMO, SXT, TET, DOX, 
and STR were frequently transferred among different genera of commensal flora by both 
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mechanisms of horizontal gene transfer, therefore, providing more evidence to explain the high 
frequencies of resistance to these antibiotics observed in catfish isolates in Chapter 3. 
Transformation and conjugation also indicated that CHL resistance phenotype was co-transferred 
in association with SXT, AMP, TET resistance phenotypes, as a consequence, in the CHL absent 
environment, the maintenance of CHL resistance was still occurred under co-selection pressure 
of approved and widely used antibiotics. This clearly explained the moderate level of resistance 
to CHL found in catfish isolates (Chapter 3) even though CHL has been prohibited for use in 
aquaculture in Vietnam since 2005. 
 
Preliminary studies of the prevalence of sulfonamide resistance genes (sul2 and sul3) in untypical 
class 1 integrons from catfish isolates found the predominance of sul2 genes. A possible 
association between the prevalence of untypical class 1 integrons and the distribution of sul2 and 
sul3 genes was supposed. More studies are needed to be done to understand possible new cassette 
arrays and the roles of 3’-conserve segment deletion in bacterial evolution due to the widespread 
distribution of untypical class 1 integrons in environmental bacteria. 
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CHAPTER 5 – MOLECULAR CHARACTERISATION OF CLASS 
1 AND CLASS 2 INTEGRONS IN RESISTANT E. COLI 
ISOLATED FROM HUMANS IN VIETNAM. 
 
5.1. Introduction 
 
Since the first introduction of sulfonamides in 1930s and penicillin in 1940s for human infectious 
disease treatments, antibiotics have contributed a significant role in the decline of mortality rates 
(Rubin, 2007). However, the miracle of antibiotics is threatened due to the widespread 
distribution of antibiotic resistance. Pathogens become resistant as a consequence of  mutations 
(Martinez and Baquero, 2000) or acquisition of resistance genes through horizontal gene transfer 
(Davies, 1994; Davies and Davies, 2010). Studies of resistance have mainly concentrated on 
clinical pathogens. However, the dissemination of  resistance worldwide has been contributed to 
a large number of human, animal and environmental non-pathogenic micro-organisms (Gerard, 
2010). Resistance genes can be transferred between species and genera of human and animal 
commensal microflora and pathogens (Barza, 2002) through horizontally transferred genetic 
elements (Davies and Davies, 2010), therefore, commensal bacteria can be reservoirs of antibiotic 
resistance genes. 
 
Intense use of antimicrobials in animal husbandry in general and in aquaculture in particular for 
the purposes of disease treatment, prevention and growth promotion induced selective pressures, 
potentially generating reservoirs of resistant bacteria (Heuer et al., 2009; Marshall and Levy, 
2011). Resistance genes can be transferred among other bacteria and fish pathogens in the aquatic 
environments (Cabello, 2006; Heuer et al., 2009). In addition, various antimicrobials used in 
human medicine are also used in aquaculture (Heuer et al., 2009). The evidences of exchange of 
resistance determinants between aquatic and terrestrial environments including commensal 
bacteria of animals and humans were observed (Cabello, 2006). Spread of resistance may occur 
via direct contact with fish or animals or indirect through the food chain (Heuer et al., 2009; 
Marshall and Levy, 2011). Resistance genes were transferred to human pathogens via horizontal 
gene transfer or in some cases resistant aquatic bacteria may be human pathogens that directly 
affect humans (Marshall and Levy, 2011). 
173 
 
In bacteria, horizontal gene transfer is the principle mechanism responsible for the widespread of 
antibiotic resistance genes (de la Cruz and Davies, 2000). Horizontal gene transfer is facilitated 
by mobile genetic elements such as conjugative plasmids, transposons, and phages (Smets and 
Barkay, 2005). Integrons are capable of integrating and expressing of several resistance genes 
(Cambray et al., 2010). Integrons are not themselves mobile elements but are associated to 
mobile genetic elements (transposons or conjugative plasmids) enabling efficient transmission 
between intra- or interspecies (mobile integrons) (Davies and Davies, 2010). Among the five 
classes of mobile integrons (Cambray et al., 2010), class 1 and class 2 are recognised as the most 
widespread and clinically important (White et al., 2001).  
 
In Vietnam, studies on antibiotic resistance and integron prevalence are limited in clinical 
pathogens such as Salmonella spp., Vibrio cholera, Shigella spp. or Proteus spp. isolated in the 
human clinical environment (Dalsgaard et al., 1999; Naas et al., 2000; Iversen et al., 2003; 
Nguyen et al., 2005b; Bui et al., 2008; Vo et al., 2010). Antibiotic resistance of clinical E. coli 
was mostly reported from the two biggest cities, Ha Noi and Ho Chi Minh. However, the primary 
aims of these researches were to characterise antibiotic resistance and to detect virulence 
determinants of diarrheagenic E. coli as well as extended-spectrum-β-lactamases (Cao et al., 
2002; Isenbarger et al., 2002; Nguyen et al., 2005b; Nguyen et al., 2005c; Bui et al., 2008). 
Therefore, the prevalence and characterisation of integrons and gene cassettes in clinical 
(pathogenic and non-pathogenic) E. coli were not determined. The largest study was conducted in 
730 E. coli among 1,309 Enterobacteriaceae provided from seven hospitals in Hochiminh City 
(Cao et al., 2002). All isolates were characterised the resistance to six extended-spectrum-β-
lactam antibiotics and detection of bla genes to confirm the producing of extended-spectrum-β-
lactamase enzymes. The other two reports were both studied on diarrheagenic  E. coli (and 
Shigella spp.) isolates from children in Hanoi, Vietnam with the focus on resistance to different 
antibiotics that widely used for dehydrating diarrhea treatment and virulence determinants 
(Nguyen et al., 2005b; Nguyen et al., 2005c; Bui et al., 2008). In addition, a large study on 
comparison of antibiotic resistance of 2,218 diarrheal pathogens including 203 and 113 
enterotoxigenic E. coli from Thailand and Vietnam, respectively, was conducted in 2002 
(Isenbarger et al., 2002). This study focused on the resistance to antibiotics mainly used for 
travelers’ diarrhea treatment in the two neighbouring countries. However, as mentioned before, 
no information on molecular characterisation of antibiotic resistances as well as their 
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transferability of human E. coli were published. To our knowledge, researches on prevalence and 
characterisation of integrons, cassette arrays as well as their transmission by known mechanisms 
such as transformation and conjugation of clinical E. coli in Vietnam were absent. Therefore, a 
study on phenotypic and genotypic characteristics of antibiotic resistances and their 
transferability of human E. coli isolates in Vietnam is necessary. In addition, due to the possible 
transfer of resistance genes between aquatic environment isolates and human commensal flora, a 
comparison on antibiotic susceptibility as well as the transfer of antibiotic resistances of human 
and catfish isolates were performed.  These results may provide evidences of possible resistance 
exchange among these two sources of isolates to implement strategies for prudent use of 
antibiotics in human and catfish medicine. 
 
The aims of this chapter are: 
 
• To determine levels and patterns of antibiotic resistance and multiple resistance of human 
derived E. coli in Hochiminh City, Vietnam. 
• To assess the prevalence of class 1 and 2 integrons in human derived E. coli. 
• To detect the presence of plasmids in human derived E. coli isolates. 
• To examine antibiotic resistance genes harboured in class 1 and 2 integrons and their 
transferability via two common gene transfer mechanisms: transformation and 
conjugation. 
• To investigate untypical class 1 integrons in human derived E. coli and their possible 
linkage to sul2, sul3 genes to preliminary study on cassette variable regions of these 
integrons. 
 
5.2. Materials and methods 
 
5.2.1. Human clinical E. coli isolates 
 
Seventy-two human E. coli isolates were provided from three hospitals in Hochiminh City, 
Vietnam (Appendix – Table A4). The collection comprised of a sub-collection of E. coli from 
one hospital (H3) (kindly provided by Dr. Vo of Nong Lam University, HCMC, Vietnam) and 
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other sub-collections were provided from faecal swab samples cultured at two hospitals, H1 and 
H2. MacConkey plates containing faecal samples from hospitals H1 and H2 were incubated 18-
24 h at 370 C. Typical colonies (pink/red colony pigment with a zone of precipitated bile due to 
lactose fermentation on MacConkey) and then were isolated and purified on Nutrient Agar (NA). 
All isolates were confirmed as E. coli using standard biochemical methodology. All 72 human E. 
coli isolates were then stored at -800C in 25% glycerol. 
 
5.2.2. Antibiotics used for antibiotic susceptibility testing 
 
To have a better comparison with catfish isolates described in Chapter 3 and 4, all 14 antibiotics 
used in Chapter 3 – Section 3.2.3 were used for susceptibility testing of 72 human E. coli isolates. 
One more antibiotic, colistin (COL), was also added in antibiotic testing list due to its importance 
in treatment of multidrug-resistant clinical Gram-negative bacterial infections (Li et al., 2006).  
 
5.2.3. Methods 
 
The methods used to evaluate antibiotic resistance and the molecular techniques are as described 
in Chapter 3, Section 3.2.4 and Chapter 4, Section 4.2.2 to Section 4.2.12. 
 
5.3. Results and discussion 
 
5.3.1. Antibiotic resistance of human E. coli isolates 
 
In general, human E. coli  exhibited a high incidence of resistance to β-lactams (AMP, AMO) of 
which 76.4 % and 73.6 % of isolates were resistant to AMP and AMO, respectively (Fig. 5.1). 
The level of resistance to inhibitors of folic acid synthesis group (SXT) was also high (61.1%). 
Resistance to the class of tetracyclines was observed in high frequency of which 70.8% of 
isolates were resistant to TET whereas 22.2% were resistant to DOX. Aminoglycoside resistances 
(GEN, NEO, KAN) were low of less than 15% of total human E. coli  isolates. However, another 
aminoglycoside antibiotic, STR was of moderate resistance (37.5%). Resistance to 
fluoroquinolones (CIP, NOR) was at similar levels (22.2%), while quinolone first generation 
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(NAL) showed a higher level of resistance (30.6%). Incidence of resistance was rare in case of 
NIT (1.4%) but the low rates to COL (11.1%) and CHL (18.1%) were observed. 
 
 
Figure 5.1. Percentage of human E. coli  resistant to tested antibiotics.  
 
Ampicillin and amoxicillin are ranked as “critically important” antibiotics by WHO due to (1) 
their limited therapy for syphilis, Listeria and Enterococcus species, and multiple drug resistance 
(MDR) Pseudomonas species and (2) potential transmission of Enterococcus species, 
Enterobacteriaceae (including E. coli), and Pseudomonas aeruginosa from non human sources 
(Collignon et al., 2009). However, in this study, resistance to these antibiotics of human derived 
E. coli was high of more than 70% isolates (Fig. 5.1). These results were similar to other reports 
of AMP resistance of E. coli isolated from children in Hanoi, Vietnam in which the authors found 
55%-86% of isolates resistant (Nguyen et al., 2005b; Bui et al., 2008). Other study on 
comparison of antibiotic resistance between Vietnam and Thailand also observed high levels of 
resistance (67% and 54%) of enterotoxigenic E. coli (ETEC) from these two neighboring 
countries (Isenbarger et al., 2002). Resistances to AMP and AMO of clinical and healthy human 
E. coli isolates have been reported throughout the world almost at high frequencies. For instance, 
in Europe, high levels of resistance to AMP or AMO were observed from 40% and 46.2% of 
clinical E. coli isolates in Estonia and France, respectively, to extremely high of 100% resistant 
clinical E. coli in Spain (Sotto et al., 2001; Oteo et al., 2006; Koljalg et al., 2008). In Asia, 
resistance to AMP of human E. coli isolates was from moderate levels of 25.4% in India to high 
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incidences of 64.2% in Australia, 89.1% in Taiwan and 91% in clinical isolates and 43.7% in 
healthy human in Korea (White et al., 2001; Khan et al., 2002; Kang et al., 2005; Hsu et al., 
2006). The levels of resistance to AMP of clinical E. coli in America were from 18% in the US to 
77% in Canada (DeBoy et al., 1980; Maynard et al., 2004). These reports showed high 
frequencies of resistance to this class of drug implying the common use in human medicine in 
both developed and developing countries. In other developing countries in Latin America, Africa, 
Asia where information on antibiotic resistance is not often published, high levels of resistance 
are postulated due to the popular of self-medication and non-prescription antimicrobial drug 
purchase (Kunin, 1995; Okeke et al., 2005a). This study observed high incidences of resistance to 
AMP and AMO in human and catfish isolates (Chapter 3 – Section 3.3.5.1) implied the 
widespread use of AMP, AMO in Vietnam for both human and catfish medicine. In addition, 
high incidences of resistance to AMP, AMO were found worldwide in human or fish and aquatic 
environment E. coli isolates (discussed in Chapter 3 – Section 3.3.5.1) reflected the global spread 
of this resistance. Because of the critical importance of AMP, AMO in treating human diseases, 
their high incidences of resistance in commensal and pathogenic E. coli worldwide were of rising 
concerns. In Vietnam, high frequencies of resistance to these antibiotics were found in isolates of 
different sources (human, catfish, aquatic environment) implied a risk of possible transmission 
across environments, therefore their use must be prudent and carefully monitored. 
 
In WHO 2nd revision report of critically important antimicrobials for human medicine, the 
tetracycline group (TET and DOX) was moved from highly important to critically important 
antimicrobials due to evidence of transmission of Brucella spp. from non-human sources (WHO., 
2009).  
 
In this study, human E. coli showed high resistance to TET (70.8%) but low level of resistance to 
DOX (22.2%) (Fig. 5.1). Resistance to TET and DOX are found in high frequencies of 43% and 
35% of catfish isolates, respectively (Chapter 3 – Section 3.3.5.1). It was likely that the use of 
TET in human medicine is more frequent than in catfish industry in Vietnam. However, TET was 
in the list of limited use in aquaculture, and the high levels of resistance in catfish isolates 
suggested a need of regulated use in catfish industry. In Vietnam, TET is commonly used to treat 
diarrhea, leading to high resistance level of approximately 45% observed in clinical E. coli 
isolated from children in Hanoi, Vietnam (Bui et al., 2008). Resistance to TET of ETEC isolates 
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from Thailand and Vietnam also showed high incidences of 43% and 65%, respectively 
(Isenbarger et al., 2002). In other countries in Asia, the occurrence of resistance to TET was 
found from moderate of 23.8%  in India to high levels of 39.2% in Australia, 68.2% in Korea and 
96.4% in Taiwan (White et al., 2001; Khan et al., 2002; Kang et al., 2005; Hsu et al., 2006). In 
America, resistance to TET was of 29%  and 50% in the US and Canada, respectively (DeBoy et 
al., 1980; Maynard et al., 2004). In general, the frequencies of resistance to TET in human E. coli 
isolates worldwide were from moderate to high levels implied its widespread use but also 
provided evidence for its less potency. Therefore, the use of tetracyclines in human medicine 
should be managed with care. Less frequent use of DOX in both human and catfish medicine was 
reflected by the lower incidences of resistance comparing to TET and the dearth of information 
on its resistance reported worldwide. Resistance to DOX is possibly due to cross-resistance to 
TET by some ribosomal protection proteins (Eady et al., 1993; Chopra and Roberts, 2001).  
 
Combination (SXT) of sulfonamide (SUL) and dihydrofolate reductase inhibitors (TMP) was 
considered as critically important antibiotic in some certain circumstances due to (1) possible 
limited therapies for acute bacterial meningitis, systemic non-typhoidal salmonella infections and 
other infections in certain geographic settings and (2) transferability of Enterobacteriaceae 
including E. coli from non-human sources (WHO., 2009) although it was commonly ranked as a 
highly important antimicrobial (Collignon et al., 2009). Resistance to this combination of 
antibiotics was high of 61.1% of human E. coli (Fig. 5.1). However, its resistance was lower than 
that found in catfish isolates of more than 70%. These results were similar to those of other 
authors who reported the frequencies of resistance from 60% to 63% of human E. coli isolates in 
Vietnam (Isenbarger et al., 2002; Bui et al., 2008). However, these findings were lower than 
those in the study of which 88.3% of E. coli isolated from children in Hanoi showed SXT 
resistance (Nguyen et al., 2005b). In Europe, resistance to SXT of E. coli isolates also found in 
wide range from 23.5% and 33%  in France and Estonia to 82% in Spain (Sotto et al., 2001; Oteo 
et al., 2006; Koljalg et al., 2008). A wide range of resistance to SXT was also observed in Asian 
countries from low level of 9.5% in India to 35.8% to 59.2% in Australia, 62.7% to 92.5% in 
Taiwan and Korea (White et al., 2001; Khan et al., 2002; Kang et al., 2005; Hsu et al., 2006). In 
America, moderate levels of resistance to SUL and TMP were found in E. coli isolates from the 
US and Canada (DeBoy et al., 1980; Maynard et al., 2004). SXT was considered as first-line 
agent for uncomplicated urinary tract infection therapy in the US (Brown et al., 2002), methicillin 
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resistant Staphylococcus aureus (MRSA) treatment in the US  (Cadena et al., 2011), primary care 
clinics in Taiwan (Hsueh et al., 1999), diarrhea in Vietnam (Bui et al., 2008), therefore 
accelerated evidence of its resistance were of concern worldwide. The findings of high resistance 
in catfish commensal flora and human E. coli in Vietnam may warn people for prudent use of this 
combination of antibiotics in such limited circumstances. In addition, the widespread use of the 
combination of these two classes of antibiotics not only exerted a strong co-selection pressure for 
these two classes of resistance genes causing increase of resistance but also favoured 
hypersensitive reactions which was attributed to sulfamethoxazole (Enne et al., 2001). Moreover, 
these authors also found that even after a considerable decrease in use of sulfonamides, the 
prevalence of resistance has not been declined (Enne et al., 2001). A possible explanation for this 
phenomenon was the adaption of resistant strains to the trade-off cost of resistance (Sköld, 2001). 
Therefore, individual use of these two classes of antibiotics was recommended in human 
medicine (Enne et al., 2001; Huovinen, 2001). 
 
Resistance to streptomycin, a critically important aminoglycoside, was a moderate 37.5% of 
human E. coli (Fig. 5.1). Its resistance was similar to the levels of STR resistance of catfish 
isolates (38.1%) (Chapter 3 – Section 3.3.5.1) but lower than that of approximately 50% in 
catfish E. coli (Chapter 3 – Section 3.3.2.1) and has led to the concern on the possible transfer 
from catfish isolates to human isolates. In a study of antibiotic resistance of diarrheagenic E. coli 
(DEC) from children in Hanoi, Vietnam, a comparable result of about 38% of resistance was 
shown (Bui et al., 2008). Incidences of resistance to STR of clinical E. coli were frequently found 
worldwide in wide range from low levels of 13.5% and 14.3% in Canada and India to moderate 
level of 22% in the US and even high frequencies of 48.3% in Australia, 89.1% in Korea  and 
90% in Taiwan (DeBoy et al., 1980; White et al., 2001; Guan et al., 2002; Khan et al., 2002; 
Kang et al., 2005; Hsu et al., 2006). Streptomycin was the first aminoglycoside introduced to 
clinical therapy in the 1940s and still remains as an important agent in the treatment of 
tuberculosis, brucellosis, tularaemia and plague (Durante-Mangoni et al., 2009). It was 
considered as a critically important antimicrobial due to (1) limited therapy as part of treatment 
of enterococcal endocarditis and multi-drug resistant (MDR) tuberculosis and (2) may result from 
transmission of Enterococcus spp., Enterobacteriaceae (including E. coli) and Mycobacterium 
spp. from non-human sources (WHO., 2009). In Vietnam, streptomycin was among first-line 
antibiotics for tuberculosis treatment, a major cause of morbidity and mortality worldwide as well 
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as in Vietnam (Nguyen et al., 2006). Transmissions of drug resistant M. tuberculosis isolates in 
the US or in the South of Vietnam were reported (Dang et al., 2000; Gagneux et al., 2006). 
Therefore, the moderate levels of resistance to STR found in catfish commensal flora and human 
E. coli in Vietnam should be of great concern because of the critical importance of this 
aminoglycoside. 
 
Quinolones are ranked as a critically important class of antibiotics due to their importance in 
human medicine of (1) limited therapy for Campylobacter species, Salmonella species, and MDR 
Shigella species infection and (2) potential transmission of Campylobacter species and 
Enterobacteriaceae, including E. coli and Salmonella species, from non-human sources 
(Collignon et al., 2009). In Vietnam, resistance to fluoroquinolones (CIP and NOR) was low in 
human E. coli (Fig. 5.1) and rare in catfish isolates (Chapter 3 – Section 3.3.5.1) However, 
moderate to high levels of NAL resistance observed in human as well as catfish isolates must be 
of significant concerns due to possible cross-resistance to other fluoroquinolones (Wolfson and 
Hooper, 1985). In addition, high prevalence of resistance to NAL, a single point mutation in the 
DNA gyrase, poses a risk for the development of fluoroquinolone resistance through a second or 
more mutation (Crump et al., 2011). In some studies on antibiotic resistance of human E. coli  in 
Vietnam,  rare incidences of resistance to quinolones including NAL and CIP were observed 
(Isenbarger et al., 2002; Nguyen et al., 2005b; Bui et al., 2008). However, the distinct results 
from those reports could be clearly explained by the fact that the collections of E. coli isolates 
were either from children (Nguyen et al., 2005b; Bui et al., 2008) where quinolones are not 
authorised or not recommended to use due to joint toxicity (Gendrel et al., 2003) or from children 
and adults from rural areas (Isenbarger et al., 2002) where logistical and financial difficulties to 
approach these drugs were observed (Hang and Byass, 2009). Resistance to quinolones of clinical 
E. coli isolates has been found worldwide in wide ranges from rare levels of less than 6% in 
France, India, the US, Australia to high levels of 30% to 60% in Taiwan, Korea, Japan or even 
extremely high of approximately 90% in Spain (DeBoy et al., 1980; Sotto et al., 2001; White et 
al., 2001; Khan et al., 2002; Kang et al., 2005; Hsu et al., 2006; Oteo et al., 2006; Yasufuku et al., 
2010). Quinolones are still one of the largest classes of antimicrobials used worldwide and first-
line therapy for Campylobacter, Salmonella, and MDR Shigella spp. infection (WHO., 2009).  
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Colistin, a polymyxin, was introduced to clinical therapy since 1960s but has been replaced in the 
1970s due to its toxicity (Li et al., 2006). However, with the emerging of multidrug resistance 
pathogens, dependence on the development of new antimicrobials is impossible. Therefore, 
reassessment and evaluation of old antibiotics such as colistin is worth due to its significant 
activity against multi-resistant Gram negative pathogens (Li et al., 2005; Li et al., 2006). In this 
study, resistance of human E. coli to COL was low (11%) (Fig. 5.1) along with no evidence of 
resistance transfer from non  human sources (WHO., 2009) suggesting its potential roles in 
human medicine, especially against Gram negative bacteria.  
 
The incidence of resistance to CHL, treatment of human serious infectious diseases (Schwarz et 
al., 2004) such as meningitis (Friedland and Klugman, 1992), was low in human E. coli (18.1%) 
(Fig. 5.1). However, in catfish E. coli and Aeromonas spp., higher levels of resistance (more than 
30%) were observed possibly due to the co-transfer of gene conferring resistance to CHL with 
other genes encoding resistance to antimicrobials that were approved for use in aquaculture 
(Chapter 3 – Section 3.3.5.1). In other studies on human E. coli isolates from Vietnam, the 
authors also reported a wide range of resistance to CHL from 17%  in rural to 77.2% in Hanoi 
(Isenbarger et al., 2002; Nguyen et al., 2005b; Bui et al., 2008). The wide ranges of resistance to 
CHL of human E. coli isolates were shown from low levels of less than 20% in India, the US, 
Thailand and Australia to higher frequencies of up to 60% in Korea and Taiwan (DeBoy et al., 
1980; White et al., 2001; Isenbarger et al., 2002; Khan et al., 2002; Maynard et al., 2004; Kang et 
al., 2005; Hsu et al., 2006). Due to the transferability of CHL resistance to E. coli and Salmonella 
spp. from non human sources (WHO., 2009), and the wide ranges of resistance in human isolates 
worldwide as well as high frequencies of resistance in catfish isolates (Chapter 3 – Section 
3.3.3.1), the prudent use of this antibiotic in clinical therapy must be of concerns.  
 
Gentamicin, another critically important aminoglycoside, was often used in combination with cell 
wall inhibitor in many countries for treatment of serious Gram positive and negative bacterial 
infections such as suspected septicaemia (Díaz et al., 2006; Jakobsen et al., 2008). Resistance to 
GEN was mostly found of low incidences (less than 15%) in clinical E. coli in many publications 
in Vietnam, France, India, the US, Estonia, Australia, Canada (DeBoy et al., 1980; Sotto et al., 
2001; White et al., 2001; Khan et al., 2002; Maynard et al., 2004; Oteo et al., 2006; Bui et al., 
2008; Koljalg et al., 2008), corresponding to the results of 15% resistant human E. coli in this 
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study(Fig. 5.1). However, in some studies, higher frequencies of resistance of 18.7% in Japan, 
33.3% in Korea, 47.3% in Taiwan or even 70% in Spain were observed in human E. coli isolates 
(Kang et al., 2005; Hsu et al., 2006; Oteo et al., 2006; Yasufuku et al., 2010). Prevalence of 
plasmid mediated gentamicin resistance genes were recently reported (Magalhães and Blanchard, 
2009), therefore, its use in human medicine should be managed with care. In addition, because 
aminoglycosides are often combined with β-lactams, the high frequency of resistance to β-
lactams is often associated with high-level resistance to aminoglycosides (Magalhães and 
Blanchard, 2009) including GEN implying the great concern on using this aminoglycoside in 
either human or catfish infectious disease treatment in Vietnam. 
 
The rest of those tested antibiotics are other aminoglycosides (NEO, KAN), and nitrofurantoin 
(NIT). They are not sole therapy to treat serious human diseases (Collignon et al., 2009), and 
their resistances were rare of less than 8% (Fig. 5.1). However, their use should not be negligent 
in human medicine due to insufficient understanding of the modes of action or mechanisms of 
resistance of NIT (Sandegren et al., 2008) or toxicity of aminoglycosides (Durante-Mangoni et 
al., 2009). 
 
In summary, high levels of resistance to β-lactams (AMP, AMO), tetracyclines (TET), inhibitors 
of folic acid synthesis group (SXT) and aminoglycosides (STR) were observed in human E. coli 
isolates implied the frequent use of these antibiotics in human medicine in Vietnam. However, 
these antibiotics were also readily used in catfish industry reflected by their high incidences of 
resistance (Chapter 3 – Section 3.3.5). The corresponding high levels of resistance to similar 
antibiotics between isolates of different host sources (catfish and human) posed a risk of possible 
transmission of antibiotic resistance, especially of significant concerns when these antibiotics are 
ranked as critical importance for use in human. The usage of antibiotics as therapy for infectious 
disease treatments in human and catfish are of great concern due to the increasing evidences of 
dissemination of antibiotic resistance genes from aquatic environmental bacteria to human 
clinical isolates worldwide. 
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5.3.2. Multiple antibiotic resistance of human E. coli isolates 
 
Only 12.5% of human E. coli isolates were susceptible to all 15 tested antibiotics (Fig. 5.2). 
Almost 90% of E. coli  isolates exhibited resistance to at least one antibiotic in which the rate of 
multiple resistance (resistance to at least two antibiotics) was 83.3%. The highest proportion of  
multiple resistance of human E. coli isolates was of resistance to five antibiotics (15.3%). No 
isolates was observed to be resistant to more than 11 tested antibiotics. Most of isolate was 
resistant to 2-6 antibiotics (56.9%). Strict multiple antibiotic resistance (MAR) (resistance to at 
least four antibiotics or three different classes of antibiotics) was displayed in 62.5% of the total 
E. coli  isolates. 
 
 
Figure 5.2. Multiple antibiotic resistance of human E. coli isolates 
 
The findings of multiple resistance and strict multiple resistance in human E. coli (Fig 5.2) were 
compatible to the rates in catfish E. coli of approximately 80% and 60%, respectively (Chapter 3 
– Section 3.3.2). Most of human E. coli (56.9%) and catfish E. coli (52.2%) were resistant to 2-6 
antibiotics. Similar levels of resistance and multiple resistance between E. coli of catfish and 
human sources posed a risk of possible transmission of antibiotic resistance. Studies on multiple 
resistance clinical E. coli found worldwide from low incidences in Vietnam and Thailand, India 
(Isenbarger et al., 2002; Khan et al., 2002) to much higher levels in the US, Canada, Australia, 
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Spain, Vietnam and Taiwan (DeBoy et al., 1980; White et al., 2001; Maynard et al., 2004; Hsu et 
al., 2006; Oteo et al., 2006; Bui et al., 2008). The genome of E. coli is high plasticity facilitating 
acquisition of resistance genes which are strongly associated with mobile genetic elements 
(Kuhnert et al., 2000; Davies and Davies, 2010). In addition, commensal flora provide a large 
reservoir of resistance genes that could transfer to pathogens (Marshall et al., 2009; Sommer et 
al., 2009). Multiple drug resistance pathogens causes failure in human therapy of serious diseases 
and become more and more significant public health concerns (Tomasz, 1994). Therefore, with 
the high incidences of multiple resistance of catfish and human commensal flora in Vietnam in 
this study, the use of antibiotics in both human and animal therapies must be seriously wise and 
prudent. 
 
5.3.3. Antibiotic resistance patterns of human E. coli isolates 
 
A total of  37 multiple antibiotic resistance patterns of 72 human E. coli isolates were recorded 
and the seven most common patterns were shown in Table 5.1, in which 34.7%  multi-resistance 
E. coli were sorted into these seven profiles. These findings were similar to what were found in 
catfish E. coli which also exhibited a large distribution of multiple resistances, implied the high 
plasticity of E. coli’s genome. All these profiles comprised antibiotics that showed high levels of 
resistance, consisting of β-lactams (AMP, AMO), tetracyclines (TET), 
trimethoprim/sulfamethoxazole (SXT), aminoglycosides (STR).  
 
Table 5.1. Common resistance patterns of human E. coli  isolates 
Patterns of multiple resistance No of isolates
AMP, AMO 4
AMP, AMO, TET 4
AMP, AMO, TET, SXT 3
AMP, AMO, TET, SXT, STR 5
AMP, AMO, TET, SXT, CHL 3
AMP, AMO, TET, SXT, STR, DOX,  3
AMP, AMO, TET, SXT, STR, CIP, NOR, NAL  3
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5.3.4. Multiple Antibiotic Resistance (MAR) indices of human E. coli isolates 
 
The MAR index value > 0.200 is observed when isolates are exposed to high risk sources of  
contamination, where antibiotics are commonly used. In general, the MAR indices of human 
isolates ranged from 0.2 (H2) to 0.344 (H3) with the mean value of 0.316 (Table 5.2). Hospital 
(H2) possessed MAR index of 0.2 revealed that E. coli might have originated from humans 
where antibiotics are rarely used. This result was explainable due to the fact that E. coli isolates 
from H2 were isolated from healthy volunteers. MAR index values of human E. coli  were 
generally lower than those from catfish, especially from catfish Pseudomonas spp. (Chapter 3 – 
Section 3.3.2.4; 3.3.3.4; 3.3.4.4; 3.3.5.3) suggesting less extensive or more prudent use in human 
medicine. However, the mean value of 0.316 indicated that human E. coli isolates might have 
originated from high risk sources of contamination.  
 
Table 5.2. MAR indices of human E. coli isolates 
Collection MAR indices 
H1 0.333
H2 0.200
H3 0.344
Total human E. coli isolates 0.316
 
 
5.3.5. Detection of class 1 and class 2 integron in human E. coli isolates 
 
A total of 72  human E. coli isolates were screened for the presence of class 1 and class 2 
integrons by PCR amplification of IntI genes (Fig. 5.3, 5.4) in which class 1 integrons were 
detected in 37.5% (27 out of 72 isolates) of the collection (Fig. 5.5). All IntI1 positive isolates 
were resistant to SXT except YD1 (H1) which was possibly sensitive to trimethoprim (TMP) or 
poorly expressed of resistance to SXT. Class 2 integron was detected in only one isolate, 
1606/12, which also harboured a class 1 integron (Fig. 5.4). Frequency of occurrence of class 1 
integrons in human E. coli was much lower than that of catfish E. coli (72.7%) but similar to 
those of catfish Pseudomonas and Aeromonas spp. (Chapter 4 – Section 4.3.1). However, one 
class 2 integron was detected in human isolates comparing to none in catfish commensal flora, 
implied the presence of class 2 integron in clinical isolates although at low frequency. Integrons 
are capable of capturing resistance genes and convert them to functional therefore, they are 
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responsible for multiple resistance (Cambray et al., 2010). In this study, lower incidences of class 
1 integron detected might explain for the lower levels of resistance and multiple resistance in 
human isolates comparing to catfish microflora. 
 
 
 
Figure 5.3. Class 1 integron detection (IntI1 gene) of selected human E. coli. Lane 1 and 18: λ 
DNA/PstI marker. Lane 17: PCR product of IntI1 gene amplification of strain S. typhimurium 
DT104 (positive control). Lane 2-16: PCR products of IntI1 gene amplification of isolates  
2175/9, 2183/10, 54/10, 1225/10, 242/12, 156/9, 2065/10, 211/11, 1515/12, 2226/9, 1331/9, 
1145/9, 1561/11, 1952/11, 1234/9, respectively. 
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Figure 5.4. Class 2 integron detection (IntI2 gene) of selected human E. coli. Lane 1 and 19: λ 
DNA/PstI marker. Lane 18: PCR products of IntI2 gene amplification of strain EC8157 (positive 
control). Lane 4: PCR products of IntI2 gene amplification of isolate 1606/12. Lane 2-17 (except 
lane 4): PCR products of IntI2 gene amplification of isolates 1627/9, 1065/11, 72/11, 315/12, 
945/11, 940/11, 2077/11, 1118/9, 863/11, 148/9, YD1, YD2, 5TD11, 4TD5, respectively.  
 
 
 
Figure 5.5. The rate of class 1 and 2 integrons (IntI1 and IntI2 gene) detection and amplifiable 
rates of gene cassette region of class 1 and 2 integrons.  
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Class 1 and 2 integrons play an important role in dissemination of antibiotic resistance in clinical 
and environmental bacteria (White et al., 2001). Class 1 integrons were frequently reported in 
many Gram negative clinical pathogens including Salmonella spp., E. coli, Campylobacter spp., 
Pseudomonas aeruginosa, Klebsiella spp., Citrobacter spp., Enterobacter spp. (Preston et al., 
1997; Martinez-Freijo et al., 1998; Casin et al., 1999; Laraki et al., 1999; Lauretti et al., 1999; 
Martinez-Freijo et al., 1999; Naas et al., 1999; Poirel et al., 1999; Daly et al., 2000; Giakkoupi et 
al., 2000; Guerra et al., 2000; Lucey B, 2000). Class 2 integrons were commonly found among 
members of Enterobacteriaceae and clinically important pathogens worldwide, especially in E. 
coli  (White et al., 2001; Crespo et al., 2005; Machado et al., 2005; Ramirez et al., 2005a; 
Ramirez et al., 2005b; Ahmed et al., 2006; Pan et al., 2006; Kim et al., 2010), or also found in 
Enterobacteriaceae from animals, aquatic habitats or environments associated to human impacts 
(Goldstein et al., 2001; Sunde, 2005; Barlow and Gobius, 2006; Barlow et al., 2008; Kadlec and 
Schwarz, 2008; Rodriguez-Minguela et al., 2009; Xu et al., 2011a). A wide range of prevalence 
of class 1 integrons was observed in human and clinical E. coli in Asian countries, but often at 
high levels such as 52% in Taiwan (although the authors used primers targeting the 5’-CS and 3’-
CS of class 1 integrons to amplify cassette regions that is not selected for untypical class 1 
integrons), or 30.8%, 54% and 63% to 78.1%, respectively from 3 different studies in Korea, or 
even 85.6% in China (Chang et al., 2000; Yu et al., 2003; Yu et al., 2004; Kang et al., 2005; Su et 
al., 2006). These findings were higher than what were found in Vietnam in this study (37.5%) 
(Fig. 5.5), especially when comparing to China, where the authors recognised the inappropriate 
use of antibiotics in both human and animal therapies (Su et al., 2006). The less frequencies of 
class 1 integron presence in the collection of human E. coli isolates in this study might result 
from the less transmission ability of class 1 integrons (further discussed in the next Section) 
implying the lower incidences of resistance and multiple resistance in these isolates (Section 
5.3.1, 5.3.2). In Asia, the incidences of class 2 integrons in human E. coli were reported in rare 
frequencies from 1% to 5.5% in Korea, China (Yu et al., 2003; Yu et al., 2004; Kang et al., 2005; 
Su et al., 2006) which were in agreement with the results of this study(1.4%). To our knowledge, 
this is the first report of the presence of class 2 integrons in Vietnam.  
 
In Australia, a large survey on urinary Enterobacteriaceae isolates found that 49% of isolates 
harboured integron comprising of single class 1 (36%),  two class 1 (3%), class 1 and class 2 
(6%), and  single class 2 (4%) (White et al., 2001). In Europe, class 1 integrons were detected in 
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40% - 67% of E. coli isolates from clinical and 26% from volunteers in Spain and 37% of human 
and animal E. coli isolates in Switzerland (Machado et al., 2005; Cocchi et al., 2007). The 
presence of class 2 integrons was rare (3.3%) in Switzerland but higher levels at 12% to 18% 
were found in Spain. In America, class 1 integrons were detected in 31% and 49% of human E. 
coli in the US and Canada, respectively (Maynard et al., 2004; Solberg et al., 2006). In general, 
class 1  integrons were frequently observed in human E. coli worldwide from 30% to 86%. Class 
2 integrons were less frequently found (less than 6%) except the levels of 12%-18% from Spain. 
In this study, lower prevalence of class 1 and class 2 integrons were observed in human E. coli.  
 
5.3.6. Amplification of gene cassette regions in IntI1 and IntI2 detected human  
E. coli 
 
The amplicon sizes of gene cassette regions of class 1 integrons of human E. coli were ranged 
from 0.6 kb to 2.6 kb (Table 5.3). The most common sizes of cassette arrays were 1.7 kb (47.1% 
of amplifiable cassettes), followed by 1.9 kb (23.5%) (Fig 5.6). Human E. coli cassette array 
sizes were more diversified with 5 different profiles (0.6 kb, 0.7 kb, 1.7kb, 1.9 kb and 2.6 kb) in 
comparing to catfish Pseudomonas spp. (2 profiles of 1 kb and 1.9 kb) and E. coli (4 profiles of 1 
kb, 1.2kb, 1.7 kb and 1.9 kb) (Chapter 4 – Section 4.3.2). Cassette arrays with amplicon sizes of 
0.7 kb, 1.7 kb, 1.9 kb were observed in both human and catfish isolates, but amplicons of 1 kb 
which were frequently found in catfish isolates were absent in human E. coli (Fig. 5.6, 5.7).These 
cassette region amplicon sizes were also found in the report of Yu et al. (2003) in which the 
authors summarised a total of 21 profiles of cassette arrays in E. coli isolates in Korea in two 
decades. Gene cassette of class 2 integron was amplified using pair of primers hep74/hep51 
described previously (White et al., 2001). The size of cassette variable region was approximately 
2.2 kb similar to other reports (White et al., 2001; Barlow and Gobius, 2006). 
 
There was approximately 37% of IntI1 positive human E. coli isolates (10 isolates out of 27) 
which gene cassette arrays could not be amplified using standard primers that targeting 5’-CS and 
3’-CS implied the damage in one of the two integrated sites of the primers (Fig. 5.5). The 
possible reasons of yielding no amplicon products for cassette region amplification were 
discussed in Section 4.3.9. Human E. coli showed much lower levels of non-amplifiable cassettes 
(37%) comparing to those of catfish isolates of 67.1% consisting of 72.9%, 68.2% and 46.7% of 
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E. coli, Pseudomonas and Aeromonas spp., respectively (Chapter 4 – Section 4.3.4). Class 1 
integrons that yielded no amplicons for PCR amplification of cassette array using primer 
targeting 5’-CS and 3’-CS have been reported (Rosser and Young, 1999; White et al., 2001; Yu 
et al., 2003; Chen et al., 2010; Sáenz et al., 2010; Vinué et al., 2010). These authors found that 
the incidences of non-amplifiable class 1 integron in human (5%-30%) were much less than in 
environments (58%-70%) which corresponding to the results of this study.  
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Table 5.3. Amplicon sizes of class 1 (1) and class 2 (2) integron gene cassette arrays of human isolates of E. coli 
Amplicon ID Antibiotic resistance profiles  IntI1 IntI2 Sample sites plasmids 
0.6 kb (1) 2132/12 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL + - H3 0 
  2183/10 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL + - H3 0 
  
0.7 kb (1) 1952/11 TET, SXT, CHL, COL + - H3 0 
  1515/12 AMP, AMO, STR, TET, SXT + - H3 1 
  
1.7 kb (1) 255/9 AMP, AMO, STR, TET, CIP, NOR, NAL, SXT, CHL + - H3 2 
  1628/9 AMP, AMO, GEN, STR, TET, DOX, NAL, SXT + - H3 2 
  1214/9 AMP, AMO, TET, DOX, NAL, SXT + - H3 1 
  54/10 AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT + - H3 3 
  2226/9 AMP, AMO, STR, SXT + - H3 2 
  1561/11 AMP, AMO, GEN, NEO, STR, KAN, TET, CIP, NOR, NAL, SXT + - H3 1 
  1234/9 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT + - H3 0 
2.2 kb (2) 1606/12 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT + + H3 2 
  
1.9 kb (1) 2096/9 AMP, AMO, STR, TET, DOX, SXT + - H3 1 
  2063/11 AMP, AMO, STR, TET, DOX, SXT + - H3 3 
  1153/9 AMP, AMO, SXT, CHL + - H3 3 
  YD1 AMP, AMO, NEO, STR, KAN, TET, DOX + - H1 2 
  
2.6 kb (1) 1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + - H3 2 
(1): sizes of cassette region of class 1 integron 
(2): sizes of cassette region of class 2 integron 
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Figure 5.6. PCR products of different cassette arrays of class 1 and class 2 integron positive 
human E. coli isolates.  
A. Lane 1 and 20: λ DNA/Pst1 marker. Lane 2-17: PCR products of class 1 integron cassette 
array amplification of 16 human E. coli. Lane 18: PCR products of class 1 integron cassette array 
amplification of strain S. typhimurium DT104 (positive control). 
B.  Lane 1, 15, and 18: λ DNA/Pst1 marker. Lane 13: PCR products of class 1 integron cassette 
array amplification of strain S. typhimurium DT104 (positive control). Lane 2-12: PCR products 
of class 1 integron cassette array amplification of 11 human E. coli. Lane 16: PCR products of 
class 2 integron cassette array amplification of isolate 1606/12.  
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Figure 5.7. PCR products of all cassette array sizes of class 1 and 2 integrons of human and 
catfish isolates. Lane 1 and 13: λ DNA/Pst1 marker. Lane 2-6: identical class 1 integron cassette 
array amplicons of 2.6 kb, 1.9 kb, 1.7 kb, 1.2 kb, 1 kb, respectively. Lane 7: class 2 integron 
cassette array amplicon of 2.2 kb. Lane 8 and 9: class 1 cassette array amplicons of 1.7 kb of 
catfish Aeromonas spp. M14-7, 15C78. Lane 10: class 1 cassette array amplicon of 0.7 kb of 
catfish isolate. Lane 11: class 1 cassette array amplicon of 0.7 kb of human isolate. Lane 12: class 
1 cassette array amplicon of 0.6 kb of human isolate. 
 
5.3.7. RFLP analysis of class 1 cassette region profiles and sequencing 
 
The results of RFLP analysis revealed that cassette arrays of amplicon size of 1.7 kb were 
identical for all human E. coli and shared the same RFLP restriction patterns to those of catfish 
isolates (Fig. 5.8, 5.9, 4.4), except the two isolates from Aeromonas spp. which carried catB8-
aadA1 cassette arrays (discussed in Chapter 4 – Section 4.3.5). For amplicon size of 1.9 kb, all 
human isolates including 2096/9, YD1 and 1153/9 were identical and possessed restriction 
patterns that matched to those of catfish isolates. However, an alteration was observed against 
isolate 2063/11. Generally, cassette arrays of 1.9 kb amplicons were digested by HindIII into 
three fragments of approximately 1.2, 0.5 and 0.2 kb, respectively, whereas cassette array of 
isolate 2063/11 was digested into only two fragments of 1.2 and 0.7 kb by the same restriction 
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enzyme HindIII (Fig. 5.10). Digestion using the other two restriction enzymes for cassette arrays 
of 1.9 kb, EcoRI and BglI, produced identical RFLP profiles to all human and catfish including 
isolate 2063/11 (Fig. 5.10). Therefore, a possible alteration at restriction site of cassette array of 
isolate 2063/11 that cannot be recognised by HindIII restriction enzyme was postulated. Isolates 
1515/12 and 1952/11, cassette array of 0.7 kb, were identical by digesting with  BglI, DraI, HinfI 
(Fig. 5.11 (B)). However, they were different to isolate R5-14, catfish Aeromonas sp., which 
showed the same cassette amplicon of 0.7 kb (Fig. 5.7) but carried gene dfrA21. The two isolates 
that carried cassette amplicon of 0.6 kb, 2132/12 and 2183/10, were identical by BglI, HinfI, 
PvuII digestion (Fig. 5.11 (A)). Noteworthy, identical cassette arrays and the same amplicon 
patterns of class 1 integrons found in catfish isolates (E. coli, Pseudomonas or Aeromonas spp.) 
and human E. coli in Vietnam indicated possible transmission of antibiotic resistance genes via 
class 1 integrons among commensal flora of catfish and human in the environment. 
 
 
 
 
 
 
 
 
 
 
 
 
195 
 
 
Figure 5.8. RFLP analysis of cassette arrays of 1.7 kb amplicon of eight human isolates (Table 
5.3). Lane 1 and 12: λ DNA/Pst1 marker. Lane 2 and 11: undigested 1.7 kb cassette arrays of 
human isolates (negative control). Lane 3-10: digestion of 1.7 kb cassette array of human isolate 
with EcoRV. 
 
 
Figure 5.9. RFLP analysis of cassette arrays of 1.7 kb amplicon of eight human isolates (Table 
5.3). Lane 1 and 20: λDNA/Pst1 marker. Lane 2 and 19: undigested 1.7 kb cassette arrays of 
human isolates (negative control). Lane 3-10 and 11-18: digestion of 1.7 kb cassette array of 
human isolate with PstI and HinfI, respectively. 
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Figure 5.10.  RFLP analysis of cassette arrays of 1.9 kb amplicon of human E. coli isolates 
2096/9, 2063/11, 1153/9, YD1, respectively. Lane 1 and 14: λ DNA/PstI marker. Lane 2, 3, 4, 5: 
digestion of cassette array of isolates 2096/9, 2063/11, 1153/9, YD1 with EcoRI. Lane 6, 7, 8, 9: 
digestion of cassette array of isolates 2096/9, 2063/11, 1153/9, YD1 with HindIII. Lane 10, 11, 
12, 13: digestion of cassette array of isolates 2096/9, 2063/11, 1153/9, YD1 with BglI. 
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A total of five different cassette arrays have been found in human E. coli class 1 integrons. Single 
gene cassette, dfr2d (Genbank accession number HQ902143) or dhrfV (Genbank accession 
number FJ001870), was found in isolates of cassette amplicons of 0.6 kb  (2132/12 and  2183/10) 
and 0.7 kb (1952/11 and 1515/12), respectively (Table 5.4). Both of these genes conferred 
resistance to trimethoprim. The two most frequently found cassette arrays in catfish isolates, 
dfrA17-aadA5 (Genbank accession number HQ880278) and dfrA12-orfF-aadA2 (Genbank 
accession number JF806493), were observed in 70.6% of amplifiable cassettes of human E. coli 
(12 out of 17 amplifiable isolates). Long cassette array of amplicon size of 2.6 kb containing five 
gene cassettes blaimp13-dhfrVII-blr1088-aac8-blaoxa2 (Genbank accession number AM237807) 
was found in isolate 1118/9. This rare cassette was only found recently in Columbia and China 
(O'Mahony et al., 2006; Guo et al., 2011). Class 2 integron cassette array dfrA1-sat1-aadA1 
(Genbank accession number AB188272) was found in isolate 1606/12 which also harboured a 
class 1 integron (carried cassette array dfrA17-aadA5). This is the gene cassette array most 
frequently found associated with class 2 integrons (Partridge et al., 2009). 
 
In general, gene cassettes conferring resistance to trimethoprim (dfr gene) were observed in all 
amplifiable cassette arrays of class 1 integrons of human E. coli. In addition, high frequencies of 
occurrence (40%) of class 1 integrons was observed. Class 1 integrons were associated with 
sulfonamide resistance genes of which sul1 was an essential component of  3’-CS in typical class 
1 integrons (Stokes and Hall, 1989) while sul2 and sul3 genes were predominant in untypical 
class 1 integrons (Table 5.8). Therefore, these results provided more evidence to explain the high 
incidence of resistance to combination (SXT) of these two antibiotics (TMP, SUL) in human E. 
coli in this study. 
 
Aminoglycoside resistance is often a consequence of  enzymatic inactivation of 
acetyltransferases, adenylyltransferases, and phosphotransferases (Shaw et al., 1993). Group of 
genes responsible for aminoglycoside resistance via acetylation consist of aac(3), aac(6), aacC; 
via adenylylation include aadA, aadB, aadE; and via phosphorylation comprise of aph(3), aphA, 
aphD, aphE, aphIII, strA, strB (Davis et al., 2010). In this study, high frequencies of occurrence 
(72.2%) of gene cassettes encoding aminoglycoside-adenylylation enzymes (aadA gene) were 
observed (Table 5.4). This group of genes confer resistance to STR via adenylylation but not to 
KAN (commonly encoded by aph, aac or aadB genes), or GEN (aac, aadB) or NEO (aac, aph) 
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(Shaw et al., 1993; Davis et al., 2010). This provided evidence to explain the higher frequency of 
resistance to STR in human E. coli comparing to lower levels of resistance to GEN, NEO and 
KAN (Fig. 5.1). In addition, the association between sul2 gene and strA/strB in the structure 
containing repC+sul2+strA/strB+IS26+tnpB  was frequently reported (Bean et al., 2009; Vinué 
et al., 2010). The strA/strB genes probably confer higher level of resistance to streptomycin 
comparing to aadA gene cassettes (Sunde and Norström, 2005). Because sul2 gene and strA/strB 
gene pair are not components of class 1 integrons (Bean et al., 2009), the detection of strA/strB 
was not performed in this study. However, the predominance of sul2 genes in untypical class 1 
integrons (Section 5.11), implied the possible presence of strA/strB gene pairs that may better 
explain the high frequency of resistance to STR of human E. coli in this study. 
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Table 5.4. Cassette arrays harboured in class 1 (1) and class 2 (2) integrons of human E. coli isolates 
(1): cassette array of class 1 integron of isolate 1606/12 
(2): cassette array of class 2 integron of isolate 1606/12 
 
Isolate IntI1 IntI2 Resistance phenotype Amplicon Gene cassette (s) 
2132/12 + - AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL 0.6 kb dfr2d 
2183/10 + - AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL 0.6 kb dfr2d 
1952/11 + - TET, SXT, CHL, COL 0.7 kb dhfrV 
1515/12 + - AMP, AMO, STR, TET, SXT 0.7 kb dhfrV 
255/9 + - AMP, AMO, STR, TET, CIP, NOR, NAL, SXT, CHL 1.7 kb dfrA17 -  aadA5 
1628/9 + - AMP, AMO, GEN, STR, TET, DOX, NAL, SXT 1.7 kb dfrA17 -  aadA5 
1214/9 + - AMP, AMO, TET, DOX, NAL, SXT 1.7 kb dfrA17 -  aadA5 
54/10 + - AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT 1.7 kb dfrA17 -  aadA5 
2226/9 + - AMP, AMO, STR, SXT 1.7 kb dfrA17 -  aadA5 
1561/11 + - AMP, AMO, GEN, NEO, STR, KAN, TET, CIP, NOR, NAL, SXT 1.7 kb dfrA17 -  aadA5 
1234/9 + - AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT 1.7 kb dfrA17 -  aadA5 
1606/12 + + AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT 1.7 kb dfrA17-aadA5 (1) and dfrA1-sat1-aadA1 (2) 
2096/9 + - AMP, AMO, STR, TET, DOX, SXT 1.9 kb dfrA12 - orfF - aadA2 
2063/11 + - AMP, AMO, STR, TET, DOX, SXT 1.9 kb dfrA12 - orfF - aadA2 
1153/9 + - AMP, AMO, SXT, CHL 1.9 kb dfrA12 - orfF - aadA2 
YD1 + - AMP, AMO, NEO, STR, KAN, TET, DOX 1.9 kb dfrA12 - orfF - aadA2 
1118/9 + - AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL 2.6 kb blaIMP13-dhfrVII-blr1088-aac8-blaOXA2 
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Cassette array dfrA17-aadA5 was most commonly found in amplifiable class 1 integrons in 
human E. coli (Table 5.4). This array was first published in January 2000 in a study of E. coli 
INS33 from the urinary tract of an infected patient in Sydney (White et al., 2000). Although gene 
dfrA17 was found predominantly in E. coli isolated from Korea in the period of 1994-1996 
suggesting the introduction of this gene into class 1 integrons before 1994 (Lee et al., 2001), gene 
aadA5 was first isolated from pathogenic porcine E. coli in December 1999 in association with 
dfrA7 (Sandvang, 1999). Therefore, the combination of these two genes in class 1 integrons was 
possibly just occurred in 2000. This cassette array was also detected in class 1 integrons in catfish 
isolates (Chapter 4 – Section 4.3.5), in human, animal pathogens and commensal flora from Asia, 
Europe to the US (Yu et al., 2003; Kang et al., 2005; Solberg et al., 2006; Cocchi et al., 2007; 
Vinué et al., 2008; Ajiboye et al., 2009), implied the global spread of these antibiotic resistance 
genes carried by class 1 integrons. 
 
Another cassette array commonly found in human E. coli is dfrA12-orfF-aadA2 (Table 5.4). This 
array was first published in NCBI in 2002 from an environmental culture (Tennstedt et al., 2003). 
Since then, many authors reported its presence in environmental and animal isolates (Moura et 
al., 2007; Kadlec and Schwarz, 2008; Nawaz et al., 2009; Kadlec et al., 2011); or clinical isolates 
(Xu et al., 2011b; Zhu et al., 2011). These two cassette arrays dfrA17-aadA5 and dfrA12-orfF-
aadA2 were predominant in amplifiable cassette arrays found in class 1 integrons worldwide 
(Partridge et al., 2009), implied the frequent association between genes conferring resistance to 
trimethoprim and streptomycin in mobile genetic elements. Trimethoprim/sulfamethoxazole 
resistance was observed worldwide in human and animal isolates (Huovinen, 2001; Sköld, 2001). 
In this study, high levels of resistance to SXT were observed in both catfish and human isolates 
(Section 3.3.5, 5.3.1), therefore possible co-selection pressure to SXT could favour high levels of 
resistance to STR in human and catfish isolates. In addition, the presence of identical cassette 
arrays that were most frequently found in both catfish and human isolates, dfrA17-aadA5 and 
dfrA12-orfF-aadA2 posed a risk of possible transfer of antibiotic resistance between human and 
catfish isolates in the environment. 
 
In this study, isolates 2063/11 harboured a class 1 integron with cassette array amplicon size of 
1.9 kb, but a difference in RFLP restriction patterns was observed when digesting by restriction 
enzyme HindIII (Fig. 5.10). Analysis of DNA sequences of isolate 2063/11 and a representative 
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isolate carried identical cassette amplicons of 1.9 kb, isolate 10C77 of catfish Aeromonas sp., was 
conducted by the Clone Manager 7, version 7.11 software. In general, these two cassette arrays 
were similar (more than 95% of sequence are matched) (Appendix – Fig. 1, Fig. 2) which were 
identified as dfrA12-orfF-aadA2. However, cassette array of isolate 2063/11 only possessed one 
restriction site that recognised by restriction enzyme HindIII, whereas  two recognition sites of 
HindIII were observed in identical cassette of isolate 10C77 (Appendix – Fig. 3, Fig. 4). The lost 
recognition site was located in a short region of approximately 240 bp from 3’-CS of identical 
cassette (dfrA12-orfF-aadA2) where sites recognised by some related restriction enzymes such as 
HgaI, HhaI, HinfI, etc. were also changed (Appendix – Fig. 5).  
 
Gene dfr2d conferring resistance to trimethoprim was detected in this study. This gene was first 
published in NCBI in 2003 from a clinical trimethoprim resistant E. coli in Stockholm (Grape et 
al., 2003). Since then, this gene has been rarely reported from Aeromonas encheleia isolated from 
food sample in Taiwan but in association with catB3 and aadA1 genes (Chang et al., 2007), from 
clinical Aeromonas spp. from Taiwan (Lee et al., 2008), and from river coliform isolates in 
Turkey (Ozgumus et al., 2009) or from clinical E. coli in Sweden (Brolund et al., 2010). 
Although this trimethoprim resistance gene was rarely detected, its presence in different genera, 
from different hosts and in different countries provided evidence of its global dissemination. To 
our knowledge, this is the first report of this gene in human E. coli in Vietnam. 
 
Gene dhfrV, which also encodes trimethoprim resistance, was discovered in several plasmids in 
Sweden (Sundström et al., 1988). This gene possessed a linkage to sulfonamide resistance gene 
sul1 and these two genes had a common promoter. The authors also found the subsequent site-
specific addition of many antibiotic resistance genes in those transposons-plasmids. This 
publication was one of the earliest and important evidence to confirm the existence of the 
integron that one year latter termed by Stokes and Hall (1989). This gene was lately detected by 
this group of authors among porcine isolates and human pathogens in Sweden (Sundström and 
Sköld, 1990; Jansson et al., 1992). The spread of this gene was demonstrated by the its detection 
in human isolates in India (Tait and Amyes, 1994), clinical plasmids in the UK (Young et al., 
1994), in E. coli from animal and human origins from Canada (Maynard et al., 2004), in 
intestinal E. coli of poultry in Hungary (Nógrády et al., 2006), in E. coli of raw meat and shellfish 
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in Vietnam (Van et al., 2008), in E. coli isolates of farmed or free range poultry in Australia 
(Obeng et al., 2011).  
 
In this study, this gene was found in human E. coli isolates but not in other catfish commensal 
flora. Its presence in raw meat and shellfish E. coli in Vietnam was also reported (Van et al., 
2008). Therefore, it was likely that this gene was prevalent in E. coli rather than other species in 
Vietnam.  
 
The cassette array of approximately 2.6 kb consisting of blaIMP13-dhfrVII-blr1088-aac8-blaOXA2 
(Genbank accession number AM237807) was detected in isolate 1118/9. This is the first time this 
cassette array has been reported in Vietnam. The cassette array was first submitted to NCBI in 
2006 from nontyphoid Salmonella from food sources in Colombia (O'Mahony et al., 2006). 
Further analysis of this cassette array, the authors confirmed the presence of four partial gene 
cassettes (blaIMP13-dhfrVII-blr1088-aac8) and a complete gene cassette (blaOXA2). The authors 
termed blr1088 gene for DNA fragment located between positions 1359 and 1599 which showed 
62% sequence similarity to a hypothetical protein BLR1088 from Bradyrhizobium japonicum 
(Genbank accession number BAC46353.1). BLR1088 is a putative GNAT family N-
acetyltransferase that important for regulation of cell growth and development (O'Mahony et al., 
2006). The blaIMP13 gene belongs to acquired metallo-β-lactamase (metal co-factors) that are 
located on transferable genetic elements and often co-exists with blaOXA genes (class D β-
lactamase genes) and chloramphenicol resistance genes (Zhao and Hu, 2011). The authors also 
reviewed that blaIMP genes are located adjacent to Pc promoter of the class 1 integrons, 
suggesting their ready expression in most of bacterial hosts. blaIMP genes commonly co-exist with 
other resistance genes causing multiple resistance that favour the high survival rate of bacterial 
hosts. Moreover, they are mostly harboured in class 1 integrons facilitating horizontal 
dissemination, therefore their presence in human E. coli  become a significant thread (Zhao and 
Hu, 2011). Since first submission in 2006, this cassette array was only detected in a study of 
Enterobacteriaceae strains recovered from aquatic habitats in China even the authors did not 
include blr1088 gene in cassette array (Guo et al., 2011) or in one clinical monophasic Samonella 
typhimurium collected in period (2002-2004) in Spain suggesting the presence of this cassette in 
class 1 integron before 2002 (Rodríguez et al., 2008). The finding of this rare cassette array in 
human E. coli provided evidence of the presence of this unusual class 1 integron in another 
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species. Since its initial source is Salmonella, it may have transferred from Salmonella to E. coli 
in Vietnam. 
 
Low frequencies of occurrence of chloramphenicol resistance genes were found in class 1 
integrons in catfish isolates (only two Aeromonas isolates M14-7, 15C78 carried catB8-aadA1 
cassette array) but no CHL resistance gene was detected in human E. coli isolates (Table 4.5, 
5.4). The absence of CHL resistance gene in human and catfish isolates is the explaination for 
why these isolates of E. coli and Aeromonas spp. showed low levels of CHL resistance. Although 
chloramphenicol resistance genes were not detected in class 1 integrons of catfish Pseudomonas 
spp., this genus displayed high resistance to this antibiotic (Section 3.3.3). Therefore, intrinsic 
resistance, probably contributed by efflux mechanism in synergy with low permeability of this 
genus outer membrane barrier (Li et al., 1994), is the likely reason for such resistance. 
 
In general, cassette arrays found in human E. coli in this study consisted of cassettes harboured in 
class 1 and 2 integrons that were prevalent in human, animal or environment worldwide such as 
dfrA12-orfF-aadA2 or dfrA17-aadA5, or dfrA1-sat1-aadA1 or dhfrV (dfrA5) but some rare arrays 
including dfr2d or blaIMP13-dhfrVII-blr1088-aac8-blaOXA2 were also observed. Identical cassette 
arrays and the same amplicon patterns of class 1 integrons found in catfish isolates (E. coli, 
Pseudomonas or Aeromonas spp.) and human E. coli in Vietnam indicated possible transmission 
of antibiotic resistance genes via class 1 integrons among commensal flora of catfish, human and 
environmental organisms. Although the directions of transfer are not clearly understood, it is 
most likely that the transfer has been from the fish to humans. 
 
5.3.8. Prevalence of plasmid in human E. coli 
 
All 72 human E. coli isolates were examined for the presence of plasmids by modification of 
Kado and Liu method described in Chapter 4 – Section 4.2.1. The incidence of plasmid presence 
in human E. coli was 75% (54 isolates out of 72) (Table 5.5) (Fig. 5.12). Most of  integron-
positive isolates (78%) carried one to three plasmids which may reflect the opportunity for 
antibiotic resistance spread. Large plasmids (migrating before the chromosome, the sizes > 55kb) 
were predominant with the rate of 88.9%.  
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There is no clear correlation between plasmid profiles and antibiotic resistance, corresponding to 
other authors (Gebre-Yohannes and Drasar, 1990; Olukoya and Oni, 1990; Son et al., 1997) and 
our results of catfish isolates. Isolates of the same pattern of antibiotic resistance can be 
distinguished by plasmid profiles and vice versa implying that not all resistance genes were 
possibly harboured in plasmids or resistance genes were distributed in different plasmids.  
 
The frequencies of plasmid presence in human E. coli were similar to those of catfish E. coli and 
higher than catfish Pseudomonas and Aeromonas isolates (Chapter 4 – Section 4.3.6). This 
results provided evidence of advantages and consistence of using this method of extraction 
toward E. coli. The high incidence of large plasmids found (88.9%) was possibly due to bias of 
applying this method (discussed in Chapter 4 – Section 4.3.4). Large plasmids are often 
transferable plasmids and are associated with antibiotic resistance genes (Guiyoule et al., 2001; 
Guerra et al., 2002; Martínez et al., 2007; Rodríguez et al., 2009). Therefore the prevalence of 
large plasmids implied the high plasticity, easy to lose or gain mobile genetic elements (Kuhnert 
et al., 2000), of E. coli genome.  
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Figure 5.12. Plasmid content of selected human E. coli isolates. Lane 16: plasmids of positive 
control strain S. typhimurium ATCC 14028. Lane 1-15: plasmids of isolates 256/10, 851/11, 
255/9, 316/11, 215/10, 1242/12, 1531/9, 52/10, 962/11, 1239/11, 2063/11, 1628/9, 149/9, 
1922/11, DT104, respectively.  
 
<38 kb 
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Table 5.5. Plasmid content of human E. coli isolates 
Plasmid sizes (kb) 
ID <8 8-38 38-55 55-95 95-120
120-
165 >165 Antibiotic resistance profile IntI1 IntI2 
2096/9 AMP, AMO, STR, TET, DOX, SXT + 
256/10 x x AMP, AMO, STR, TET, SXT 
851/11   
255/9 x x AMP, AMO, STR, TET, CIP, NOR, NAL, SXT, CHL + 
316/11 x AMP, AMO, TET, SXT + 
215/10 x AMP, AMO, STR, TET, SXT 
1242/12 x AMP, AMO, TET, SXT + 
1531/9 x x   
52/10 x x AMP, AMO, STR, TET, SXT + 
962/11 CIP,  NOR, NAL, SXT, CHL 
1239/11 x AMP, AMO 
2063/11 x x x AMP, AMO, STR, TET, DOX, SXT + 
1628/9 x x AMP, AMO, GEN, STR, TET, DOX, NAL, SXT + 
149/9 x x x AMP, AMO, GEN, STR, TET, DOX, SXT 
1922/11 x AMP, AMO, TET 
38/11 x AMP, AMO, STR, KAN, TET, CIP, NOR, NAL, SXT 
2062/9 x AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL 
228/12 x x x AMP, AMO, STR, TET, CIP, NOR, NAL, SXT 
989/9 x, x x AMP, AMO, GEN, STR, TET, SXT 
896/10 x x AMP, COL 
1274/11 x AMP, AMO 
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Table 5.5. Plasmid content of human E. coli isolates (cont.) 
 
Plasmid sizes (kb) 
ID <8 8-38 38-55  55-95 95-120 
120-
165 >165 Antibiotic resistance profile IntI1 IntI2 
336/9 x x x AMP, AMO, STR, TET, CIP, NOR, NAL, SXT   
454/10 x     
1153/9 x, x x AMP, AMO, SXT, CHL +   
215/9 x AMP, AMO, TET, CIP, NOR, NAL   
2132/12 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL +   
1501/12 TET   
66/12 x AMP, AMO, NAL, SXT, NIT, COL   
2133/10 x AMP, AMO, TET   
1214/9 x AMP, AMO, TET, DOX, NAL, SXT +   
2175/9 x x AMP, AMO, GEN, TET, NAL, SXT   
2183/10 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL +   
54/10 x, x x AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT +   
1225/10     
242/12 x AMP, AMO, STR, TET, DOX, SXT +   
156/9 x x AMP, COL   
2065/10 x x AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT +   
211/11 x AMP, AMO, TET, SXT, COL +   
1515/12 x AMP, AMO, STR, TET, SXT +   
2226/9 x AMP, AMO, STR, SXT +   
1331/9 x x AMP, AMO, TET   
1145/9 x AMP, AMO, NEO, KAN, TET, SXT, CHL   
1561/11 x AMP, AMO, GEN, NEO, STR, KAN, TET, CIP, NOR, NAL, SXT +   
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Table 5.5. Plasmid content of human E. coli isolates (cont.) 
 
Plasmid sizes (kb) 
ID <8 8-38 38-55  55-95 95-120 
120-
165 >165 Antibiotic resistance profile IntI1 IntI2 
1952/11 TET, SXT, CHL, COL + 
1234/9 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT + 
1627/9 x x AMP, AMO, TET 
1606/12 x x AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT + + 
1065/11 AMP, AMO, GEN, STR, TET, DOX, NAL, SXT 
72/11 x AMP, AMO 
315/12 x TET, COL 
945/11 TET 
940/11 x AMP, AMO 
2077/11 x AMP, AMO, STR, TET, SXT 
1118/9 x x AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + 
863/11 TET 
148/9 x AMP, AMO, STR 
YD1 x x AMP, AMO, NEO, STR, KAN, TET, DOX + 
YD2 x AMP, AMO, NAL 
5TD11 x   
4TD5 TET, SXT + 
5TD8 TET, COL 
4TD2 x AMP, AMO, TET, SXT, CHL, COL 
5TD7 x x AMP, AMO, TET, DOX, SXT + 
5TD10   
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Table 5.5. Plasmid content of human E. coli isolates (cont.) 
 
Plasmid sizes (kb) 
ID <8 8-38 38-55  55-95 95-120 
120-
165 >165 Antibiotic resistance profile IntI1 IntI2 
2TD2 x AMP, AMO, TET, SXT, CHL + 
1TD1 AMP, AMO, TET, SXT 
5TD2 x x x AMP, AMO, STR, TET, CIP, NOR, NAL, SXT 
4TD3   
4TD1 x x   
3TD2 x x   
2TD5 x AMP, AMO, TET, SXT, CHL + 
2TD12 AMP, AMO, TET, SXT, CHL 
Total 3 0 6 16 21 24 11  
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5.3.9. Transferability of antibiotic resistance of human E. coli by 
transformation 
 
Three positive and two negative integron isolates were successfully transmitted to competent 
cells by electroporation (Table 5.6). Successful transformants were randomly selected from LB 
plate with AMP (100mg/ml) which inhibited the growth of negative control (only E. coli DH5α 
competent cells). Transformation by electroporation in the experiments was only undertaken at 
laboratory scale. However, evidence of natural transformation has been described since 1928 in 
the study of transferred virulence determinants between pneumococci in infected mice (Thomas 
and Nielsen, 2005). Clinical isolates of pathogenic species including representatives of the genera 
Campylobacter, Haemophilus, Helicobacter, Moraxella, Neisseria, Pseudomonas, 
Staphylococcus and Streptococcus are naturally transformable (Lorenz and Wackernagel, 1994). 
Although the rate of bacteria found to be naturally transformable is approximately 1% of the 
validly described bacterial species (Jonas et al., 2001), natural transformation still plays an 
important role in bacterial evolution (Davies and Davies, 2010). 
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Table 5.6. The transfer of resistance phenotypes, IntI1 gene and plasmids of selected human E. coli isolates to  
E. coli DH5α competent cell by electroporator 
 
Strains Antibiotic resistance profiles IntI1 gene Plasmids 
YD1 AMP, AMO, NEO, STR, KAN, TET, DOX + 2 
YD1* AMP, AMO - 0 
1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + 2 
1118/9* AMP, AMO - 1 
1606/12 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT + 2 
1606/12* AMP, AMO - 1 
215/9 AMP, AMO, TET, CIP, NOR, NAL - 1 
215/9* AMP, AMO, TET, [NAL] - 1 
38/11 AMP, AMO, STR, KAN, TET, CIP, NOR, NAL, SXT - 1 
38/11* AMP, AMO, STR, TET, SXT, [NAL] - 1 
*: successful transformants  
[ ]: intermediate resistance 
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Three integron positive isolates (YD1,  1118/9,  1606/12 containing two plasmids of 165 kb and 
> 165 kb, of 95 kb and 165 kb, of 95 kb and 120 kb, respectively) were successfully transformed 
(Fig. 5.13). Their transformants were examined by plasmid extraction, antibiotic susceptibility 
test and PCR amplification of IntI1 gene. Only one plasmid (95 kb) of isolates 1118/9, 1606/12 
was transferred whereas no transmitted plasmid found in transformant of isolate YD1, although 
all three transformants expressed AMP, AMO resistance phenotypes (Table 5.6). YD1 
transformant was re-extracted to confirm the presence of plasmid but the result was still the same. 
We suspected that small plasmid which hardly extracted by this method or plasmid of the same 
size with chromosome that carried genes encoding resistance to AMP and AMO was transferred 
to YD1 transformant. IntI1 gene was not detected in any of the three transformants. Resistance 
genes encoding for other resistance phenotypes as well as class 1 integron were possibly 
harboured in other plasmid. It was likely that molecular weight of plasmids was associated with 
their transferability. This result corresponds to the study of Inoue (1990) in which the authors 
assessed the effect of plasmid sizes on the transformation frequency by plasmids ranged from 4.4 
to 17.6 kb. Plasmids with sizes of 10.3 kb, 13.2 kb and 17.6 kb observed a relative decline of 
transformation frequency to 46%, 26% and 15% of that of 4.4 kb plasmid (Inoue et al., 1990). It 
seemed likely that the dissemination of antibiotic resistance genes via class 1 integrons through 
horizontal gene transfer, transformation, in human E. coli isolates was less easier comparing to 
catfish isolates and was affected by molecular weight of plasmid DNAs. 
 
Two other human E. coli isolates, 215/9 and 38/11, all possessed a plasmid of 95 kb but they 
were non-integron carriages. Their plasmids were successfully transferred to competent cells 
(Fig. 5.13). The results of antibiotic susceptibility test of their transformants displayed the 
transmission of all antibiotic resistance phenotypes including STR, SXT, TET except non-
expression of quinolone resistance (Table 5.6). Although transformants showed susceptible 
phenotype to fluoroquinolone (CIP, NOR), intermediate resistance to NAL was observed. It is 
possible that plasmid of 95 kb of these two negative integron isolates contain all resistance genes 
including quinolone resistance, plasmid-mediated quinolone resistance (PMQR), however, 
PMQR gene(s) only conferred low level of resistance to quinolones, therefore, only susceptibility 
reductions to quinolones were observed in transformants (will be discussed more in Chapter 6). 
These isolates were integron-negative, therefore, no IntI1 gene was detected in transformants 
(Table 5.6). 
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In general, antibiotic resistance gene transfer by transformation in human E. coli was successfully 
demonstrated, however, transferability was possibly affected by molecular weights of plasmid 
DNAs. Dissemination of class 1 integrons in human E. coli  seemed likely to be less widespread 
comparing to catfish isolates by transformation mechanism. Resistance to β-lactams (AMP, 
AMO) phenotype was transmissible in all cases, confirmed the presence of ampicillin resistance 
gene in transferable plasmids. This provided evidence to explain the high incidences of resistance 
to β-lactams found in human isolates. Therefore prudent use of these antibiotics in human and 
animal therapies is needed. Resistance to STR, TET, SXT also can be transferred from human E. 
coli supporting the high incidences of resistance to these antibiotics found in our collection of 
catfish and human isolates. Frequency of occurrence of laboratory transformation insufficiently 
reflects the natural transfer events due to the lack of considerably involved environmental factors 
and population dynamics (Thomas and Nielsen, 2005). However, even transfer frequency in the 
laboratory scale falls under the detectable level, ecological horizontal gene transfer is possibly 
occurring. This study provided more evidence to the transferability of resistance genes via 
transformation in human isolates. 
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5.3.10. Transferability of antibiotic resistance of human E. coli  by conjugation 
 
Other horizontal transfer mechanism, conjugation, was conducted on donors of human E. coli 
isolates to different recipients from laboratory strains to catfish isolates. Donors of human 
isolates can transfer their resistance phenotypes to different recipients such as laboratory strains 
E. coli, catfish E. coli or Pseudomonas sp. (Table 5.7). Class 1 integrons were found in 
transconjugants confirming its significant role in antibiotic resistance dissemination. However, 
human isolate that only transfer smaller size plasmid without class 1 integron in successful 
transconjugants was also observed (Fig. 5.14) implied the less facilitation of resistance 
transmission in human comparing to catfish. 
 
Resistance phenotypes to AMP, AMO, TET, SXT, CHL, GEN, STR and KAN can be transferred 
from donors to recipients of different genera (Table 5.7). Unfortunately, AMP, AMO, TET, SXT 
and STR are antibiotics widely used in human medicine  reflected by their high incidences of 
resistance in human isolates (Section 5.3.1). In addition, high frequencies of resistance to these 
antibiotics were observed in catfish isolates (Chapter 3 – Section 3.3.5) implied a risk of possible 
transmission between human and catfish isolates. Moreover, transferability of their resistance 
phenotypes was observed in both two mechanisms of gene transfer between different genera 
(Table 5.6, 5.7), therefore, their prudent use in human and catfish treatments must be of great 
concern. 
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Table 5.7. The transfer of resistance phenotypes, IntI1 gene and plasmids of selected human E. coli isolates by conjugation 
Source ID Resistance phenotype Int1 Plasmids 
Donor H 1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + 2 
Recipient L1 1-25 SODIUM AZIDE - 0 
Transconjugant   AMP, AMO - 1 
Donor H 1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + 2 
Recipient L1 1-33 SODIUM AZIDE - 0 
Transconjugant   AMP, AMO - 1 
Donor H 1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + 2 
Recipient L1 1-35 SODIUM AZIDE - 0 
Transconjugant   AMP, AMO - 1 
Donor H 1153/9 AMP, AMO, NAL, SXT, CHL + 3 
Recipient L HB101 AMP, AMO, NEO, STR, KAN, TET, DOX - 1 
Transconjugant   AMP, AMO, NEO, STR, KAN, TET, DOX, SXT, CHL + 2 
Donor H 1606/12 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT + 2 
Recipient E 7C2 AMP, AMO, TET, DOX, SXT, CHL - 1 
Transconjugant   AMP, AMO, GEN, STR, KAN, TET, DOX, SXT, CHL + 2 
Donor H 1606/12 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT + 2 
Recipient P 2B1 CHL, NIT - 0 
Transconjugant   AMP, AMO, GEN, STR, KAN, TET, DOX, SXT, CHL, [NIT] + 2 
H: E. coli from human        E: E. coli from catfish 
L: lab strain – E. coli         P: Pseudomonas sp. from catfish                                                         
L1: lab strain – E. coli resistant to sodium azide                                 [ ]: intermediate resistance 
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Transmission of CHL has occured in association with SXT, AMP, AMO from isolates 1153/9 to 
laboratory strain HB101 (Fig 5.1) (Table 5.7) suggesting that in the absence of phenicol selective 
pressure, resistance to CHL can be maintained as a consequence of co-transfer with resistance to 
trimethoprim/sulfamethoxazole, or β-lactams, antibiotics that are frequently used for human 
medicine. Transfer of resistance phenotypes to AMP, AMO was associated with transferable 
plasmids in both mechanisms of horizontal gene transfer, transformation and conjugation, in all 
catfish and human isolates (Table 5.6, 5.7, 4.9, 4.10, 4.11, 4.13) providing evidence to explain the 
high incidences of resistance to this class of antibiotic in catfish and human isolates (Fig. 5.1, 
4.13). Strong association between the presence of class 1 integrons and the expression of SXT 
resistance phenotype was observed in successful transformants and transconjugants in human E. 
coli as well as catfish isolates, supporting the dissemination of SXT resistance among bacteria in 
the collections of this study. 
 
Transmission of aminoglycoside resistance phenotype was shown by conjugation (Table  5.7) 
and transformation (Table 5.6). GEN, KAN resistance phenotypes can be transferred between 
different genera, therefore, the use of these two aminoglycosides must be of great concern in 
spite of their low incidences of resistance in both human and catfish isolates. Another 
aminoglycoside, STR, which is important for the treatment of tuberculosis, brucellosis, 
tularaemia and plague (Durante-Mangoni et al., 2009), can also be transferred between genera via 
both mechanisms of transformation and conjugation (Table 5.6, 5.7). The transfer of resistance to 
STR in association with SXT resistance was also observed, which possessed a strong correlation 
to class 1 integrons (Table 5.6, 5.7) in both mechanisms of gene transfer (transformation and 
conjugation) corresponding to those of catfish isolates. Therefore, its higher frequency of 
resistance comparing to other aminoglycosides was not surprisingly observed in both catfish and 
human isolates (Fig. 3.13, 5.1). Thus, the use of STR for important infectious treatments above 
must be preserved. In addition, a recent discovery of a gene conferring multiple-aminoglycoside 
resistance in E. coli (Davis et al., 2010) and the evidence that resistance to KAN or STR possibly 
confer cross resistance to cyclic polypeptide capreomycin, the least known in terms of resistance 
mechanisms in clinical isolates but effectively used for treatment of multidrug-resistant 
tuberculosis (Via et al., 2010) should cause great concern in the management of use of 
aminoglycosides.  
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5.3.11. Detection of 3’-conserved segment (CS) region and sulfonamide 
resistance genes of class 1 integrons that cannot yield amplicons by PCR 
amplification of cassette region 
 
Ten non-amplifiable integron positive isolates were analysed for the presence of 3’-CS region by 
primers that targeting qacEΔ1 gene and sul1 gene. The 3’-CS region was not detected in all 
isolates (Fig 5.15) (Table 5.8). The occurrence of untypical class 1 integron in human E. coli was 
37% (10 isolates out of 27 integron positive), much lower than that of 67% in catfish isolates 
(Chapter 4-Section 4.3.9). These results corresponded with other studies of which the prevalence 
of untypical class 1 integrons in human isolates was much lower than those of animal and 
environment (Rosser and Young, 1999; Yu et al., 2003; Dawes et al., 2010; Sáenz et al., 2010; 
Vinué et al., 2010).  
 
Many reports of no product for gene cassette amplification by standard primers that targeting 5’-
CS and 3’-CS in untypical class 1 integrons were reviewed in Chapter 4-Section 4.3.9 in which 
the presence of sul3 and IS26 in a transposable region beyond the cassette array were 
predominant (Bischoff et al., 2005; Antunes et al., 2007; Toleman et al., 2007; Sunde et al., 2008; 
Liu et al., 2009; Partridge et al., 2009; Dawes et al., 2010; Sáenz et al., 2010; Vinué et al., 2010; 
Soufi et al., 2011). These authors also suggested that long template PCR pairing a primer in the 
5’-CS with one in sul3 or IS26 may enable  amplification of these cassette arrays. In a recent 
study, Bean et al. (2009) and Vinue et al. (2010) reported the association between IS26 and sul2 
gene in a structure containing repC+sul2+strA/strB+IS26+tnpB  (Bean et al., 2009; Vinué et al., 
2010). Therefore, in this study, the prevalence of sul2 and sul3 genes was assessed in all 10 
human untypical class 1 integrons (Fig. 5.16 (A), (B)).  
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Figure 5.15. Detection of sul1 (A) (789 kb) and qacEΔ1 (B) (287 kb) of 10 untypical class 1 
integron human E. coli.  
A. Detection of sul1 gene of 10 untypical class 1integron human E. coli. Lane 1, 13: λ DNA/PstI 
marker. Lane 2: PCR product of sul1 gene amplification of positive control strain S. typhimurium 
DT104. Lane 3-12: PCR product of sul1 gene amplification of 10 human E. coli. 
B. Detection of qacEΔ1gene of 10 untypical class 1integron human E. coli. Lane 12 and 13: PCR 
product of qacEΔ1 gene amplification of positive control strain S. typhimurium DT104 and 
1628/9, respectively.  Lane 2-11: PCR product of qacEΔ1gene amplification of 10 human E. coli. 
805 bp 
A 
     1      2     3      4     5      6     7     8      9    10    11   12   13 
264 bp 
B 
    1     2      3     4     5    6     7     8     9    10    11   12   13   14 
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Table 5.8. The prevalence of sul2 and sul3 genes in the untypical class 1 integrons of human E. coli isolates 
 
ID Antibiotic phenotype IntI1 Cassette qacEΔ1/sul1 sul2 sul3 Plasmids 
316/11 AMP, AMO, TET, SXT + - - + - 1 
1242/12 AMP, AMO, TET, SXT + - - + - 1 
52/10 AMP, AMO, STR,TET, SXT + - - + - 2 
242/12 AMP, AMO, STR, TET, DOX, SXT + - - - - 1 
2065/10 AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT  + - - + - 2 
211/11 AMP, AMO, TET, SXT, COL + - - + - 1 
4TD5 TET, SXT  + - - + - 0 
5TD7 AMP, AMO, TET, DOX, SXT + - - - + 2 
2TD2 AMP, AMO, TET, SXT, CHL + - - + + 1 
2TD5 AMP, AMO, TET, SXT, CHL + - - + + 1 
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Sul2 gene was the most predominant with the rate of occurrence of 90% (nine isolates out of 10) 
(Fig. 5.16 (A)). Sul3 gene was found in three of the total of 10 untypical integron isolates (30%) 
(Fig. 5.16 (B)) and the combination of the two genes sul2 and sul3 was detected in two isolates 
(Table 5.8). The predominance of sul2 gene comparing to sul3 were reported in many studies 
(Antunes et al., 2005; Hammerum et al., 2006; Phan et al., 2008; Kozak et al., 2009; Trobos et 
al., 2009) corresponding to the findings of human and catfish isolates. In this study, high 
incidences of occurrence of sul2 and sul3 genes in untypical class 1 integrons were observed in 
both human and catfish isolates suggesting a possible role of these two genes in untypical class 1 
integrons. As reviewed above, sul2 gene was associated with strA/strB gene pair, therefore, the 
prevalence of sul2 genes may provide more evidences to explain for the high incidences of 
resistance to STR in catfish and human isolates. 
 
Although the incidences of occurrence of untypical class 1 integrons were high in many studies 
(Rosser and Young, 1999; Yu et al., 2003; Hsu et al., 2006), most of them were ignored, thus a 
large number of novel cassette arrays were not reported. Among several studies of cassette arrays 
of untypical class 1 integrons (discussed in Chapter 4 – Section 4.3.9), primer walking or inverted 
PCR seemed likely potential techniques  (Vo et al., 2006; Lee et al., 2010; Sáenz et al., 2010; 
Vinué et al., 2010; Soufi et al., 2011). However, these techniques were either time consuming 
(primer walking) or low rates of success (inverted PCR). In addition, a majority of class 1 
integrons are defective transposon derivatives originating from Tn402-like ancestors (Hall, 
2007). Therefore, in this study, the preliminary PCR amplifications of cassette arrays of 10 
untypical class 1 integrons of human E. coli isolates by using primers targeting 5’-CS and tniR 
(tniC) gene (Tn402-like class 1 integron) (Post et al., 2007), 5’-CS and sul3 gene (Bischoff et al., 
2005) or 5’-CS and IS26 (JL-D2 or JL-D7) (Dawes et al., 2010) were performed.  
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Figure 5.16. Detection of sul2 (A) and sul3 (B) genes of 10 untypical class 1 integron human E. 
coli isolates.  
A. Lane 1, 13: λ DNA/PstI marker. Lane 2-11: PCR products of sul2 gene amplification of 10 
untypical class 1 integron of human E. coli isolates. Lane 12: blank. 
B. Lane 1, 12: λ DNA/PstI marker. Lane 2-11: PCR products of sul3 gene amplification of 10 
untypical class 1 integron of human E. coli isolates. 
805 bp 
A 
    1      2     3     4      5     6     7     8     9    10   11   12   13    
1093 bp 
B 
    1      2     3     4     5     6     7     8     9    10   11   12    
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In spite of  lacking of positive control to optimise PCR amplification conditions, some initial 
results were gained. Amplification using primers for Tn402-like class 1 integron, isolates 5TD7, 
2TD2, 2TD5 were produced amplicons of approximate 0.6 kb while the rest of the seven isolates 
showed many unspecific bands. Because all isolates 5TD7, 2TD2, 2TD5 containing sul3 gene 
(Table 5.8), expand long template PCR amplification using pair primers of 5’-CS and sul3 gene 
(sul3-F and sul3-R) was conducted. Amplification using pair of primers Int1-F (5’-CS) and sul3-
R (sul3 gene) produced no amplicon whereas, pair of Int1-F (5’-CS) and sul3-F (sul3 gene) 
yielded amplicons. These results suggested that sul3 gene and other gene cassettes carried by 
class 1 integrons are opposite orientations, corresponding to the publication of Bischoff et al. 
(2005). Optimisation of extra long template PCR conditions at different annealing temperatures 
was performed. Three isolates showed amplicons of approximate size of 0.6 kb but isolates 5TD7 
possessed one more product of about 7kb. Therefore, isolates 2TD2, 2TD5 were postulated to 
contain Tn402-like class 1 integron with cassette array of approximate 0.6 kb and isolate 5TD7 
may carry two class 1 integrons with 0.6 kb and 7kb cassette arrays.  
 
Expand long template and normal PCR amplification using primers of 5’-CS and IS26 (JL-D2 or 
JL-D7) were also assessed toward 10 human untypical class 1 integrons. Only isolate 316/11 
displayed a product of 0.8 kb, whilst many unspecific bands were found in the rest of nine. PCR 
condition optimisation by gradient PCR at different annealing temperatures for this isolate 
observed a promised result of high annealing temperature of 650C. A large number of isolates (57 
catfish isolates including 35 E. coli, 15 Pseudomonas and 7 Aeromonas spp. and 10 human E. 
coli of untypical class 1 integrons) were screened for product amplicons by using optimum PCR 
condition above. Totally, seven isolates produced cassette array amplicons with different sizes 
including isolate 11C123 (catfish Pseudomonas sp.) with product of 1.2 kb; isolate 6C31 (catfish 
E. coli) with product of 0.6 kb; isolates 10C1, 11C28, 7C33, 11C36, 12C10 (catfish E. coli) and 
316/11 (human E. coli) with products of 0.8 kb.  
 
In summary, this preliminary study found the predominance of sul2 genes of human and catfish 
E. coli (90%) and catfish Pseudomonas and Aeromonas spp. (45%-71%).  The occurrence of sul3 
gene was lower at 30% of human and catfish E. coli and 7%-14% of catfish Pseudomonas and 
Aeromonas spp., respectively. These results suggested a possible association between these two 
sulfonamide genes and untypical class 1 integrons that need further study. In addition, cassette 
226 
 
arrays of three out of ten human untypical class 1 integrons can be amplified by primers targeting 
5’-CS region and sul3 gene or tniC gene of Tn402-like integrons. Extension of long template 
PCR amplification to all 57 untypical class 1 integrons of catfish isolates (using primers for 
Tn402-like integrons) or to 12 untypical class 1 integron catfish isolates that carried sul3 gene 
(using primers targeting 5’-CS region and sul3 gene) need to be performed. All untypical class 1 
integrons that are not successfully amplified by primers targeting 5’-CS and tniR (tniC) gene 
(Tn402-like class 1 integron) (Post et al., 2007), 5’-CS and sul3 gene (Bischoff et al., 2005) or 5’-
CS and IS26 (JL-D2 or JL-D7) (Dawes et al., 2010) may need to be studied by a primer walking 
strategy to determine the correct stratergy, whereas those that have been successfully amplified 
can be sequenced.  
 
5.4. Conclusion 
 
Antibiotic susceptibility test for 72 human E. coli isolates from three hospitals in Hochiminh City 
displayed the high incidences of resistance to AMP, AMO, SXT, TET, and STR as were 
expected since these antibiotics are widely used in human treatments. However, these antibiotics 
were frequently also used in the catfish industry as reflected by their high incidences of resistance 
observed. The corresponding high levels of resistance to similar antibiotics between isolates of 
different host sources (catfish and human) posed a risk of possible transmission of antibiotic 
resistance.  
 
Prevalence of class 1 integrons found in human E. coli was at lower frequency comparing to 
catfish isolates. However, one class 2 integron was found in the human collection. Gene cassette 
arrays of human isolates predominantly contained dfr and aadA genes, which conferring 
resistance to trimethoprim and streptomycin, respectively, that might better explain the high 
incidences of resistance to these antibiotics found in this study. Resistance to AMP, AMO, TET, 
STR, SXT phenotypes can be transferred from human E. coli to laboratory strains or catfish 
isolates either by transformation or conjugation providing evidence to explain high resistance to 
these antibiotics found in catfish and human isolates. Transfer of CHL resistance was associated 
with SXT, AMP, AMO resistance transmission and this implied that in the absence of CHL 
selective pressure, CHL resistance can be co-transferred with other antibiotics that widely use in 
human medicine.  
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Class 1 integrons were demonstrated to be transmissible intraspecies and interspecies by 
transformation and conjugation at the laboratory scale, confirming their significant roles in 
dissemination of antibiotic resistance genes. High prevalence of large plasmids extracted from 
human isolates also induce the need for the prudent use of antibiotics due to their association with 
virulence and antimicrobial resistance genes as well as their self-transmissible abilities.  
 
The prevalence of sul2 (90%) and sul3 (30%) genes in untypical class 1 integrons of human 
isolates implied that the untypical class 1 integrons may be responsible for transfer of sul2 and 
sul3 genes and provide an explanation for sulfonamide resistance spread in the absence of sul1 
genes. Gene cassette arrays of human untypical class 1 integrons may need to be characterised by 
primer walking strategy.  
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CHAPTER 6 – PREVALENCE OF PLASMID-MEDIATED 
QUINOLONE RESISTANCE DETERMINANTS IN 
CIPROFLOXACIN RESISTANT BACTERIA IN VIETNAM. 
 
6.1. Introduction 
 
Since their introduction into clinical practice in the 1940s, antibiotics have been extremely 
important in treating human infections and have made significant contributions to reducing 
mortality rates (Aminov, 2009; Shlaes, 2010). Among many classes of antibiotics discovered, the 
quinolones are one of the largest classes of antibiotic used worldwide. These antibiotics receive 
considerable clinical and scientific interests because of their high potency, broad spectrum of 
activity, and low incidence of side effects (Andersson and MacGowan, 2003; Van Bambeke et 
al., 2005; Moulin et al., 2008). 
 
The first quinolone, nalidixic acid, was discovered in 1962 (Lesher et al., 1962). Since then, its 
mechanism of action against DNA synthesis of Gram negative bacteria has been  studied 
extensively (Goss et al., 1964; Goss et al., 1965; Cook et al., 1966a; Cook et al., 1966b; Deitz et 
al., 1966; Boyle et al., 1969; Bourguignon et al., 1973). Nalidixic acid was first introduced for 
clinical application in 1967 for the treatment of urinary tract infections, but quinolone usage was 
rather limited until the development of the fluoroquinolones (norfloxacin, ciprofloxacin) in the 
1970s and 1980s (Emmerson and Jones, 2003). Resistance to nalidixic acid was reported not long 
after its introduction to clinical use (Lewis, 1967) and initially mapped to chromosomal 
mutations (Hane and Wood, 1969). Although the frequency of resistance to fluoroquinolones was 
lower than the frequency that mutants can be selected for nalidixic acid (nalidixic acid-resistant 
mutants of E. coli occurred at a frequency of 10-8, while mutants resistant to norfloxacin, 
ciprofloxacin, or ofloxacin occurred at a frequency of 3 x10-11) (Wolfson and Hooper, 1989), 
resistance to fluoroquinolones was reported early (Hirai et al., 1986; Hooper et al., 1987). Barry 
and Johns (1984) had previous discovered that cross-resistance among resistant populations by 
the selection of widespread use of nalidixic acid (first generation of quinolones) might diminish 
the efficacy of the newer fluoroquinolones (Barry and Jones, 1984). Hirai et al. (1986) also found 
that resistance to fluoroquinolones was obtained by multiple mutations (Hirai et al., 1986). 
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Because most NAL resistant bacteria have a single point mutation in the DNA gyrase gene and 
resistance to NOR and CIP is usually associated with two or more chromosomal point mutations, 
the high prevalence of NAL resistance poses a risk for the accelerated development of 
fluoroquinolone resistance through the occurrence of a second mutation (Lindgren et al., 2005; 
Crump et al., 2011). 
 
Resistance to quinolones and fluoroquinolones has been progressively reported among bacterial 
isolates from humans and from food animals (Hooper, 2000; Cattoir and Nordmann, 2009). The 
two initial mechanisms of resistance to quinolones are thought to be related to mutations 
including accumulation of mutations in the two enzymes targeted by the drugs (DNA gyrase and 
DNA topoisomerase IV) and decrease intracellular uptake by mutations either in outer 
membrane, leading to a decline in the number of porins or efflux pumps (Piddock, 1999; 
Hawkey, 2003; Mitscher, 2005; Van Bambeke et al., 2005). However, the frequencies of 
quinolone resistance have been reported as increasing, therefore horizontal transfer by 
transferable elements could provide more explanations along with mutations for this increases 
(Strahilevitz et al., 2009). Perhaps, horizontally transferable elements could induce reduction in 
quinolone susceptibility, enough so that bacteria could survive in the presence of quinolones 
(Strahilevitz et al., 2009). The first plasmid-mediated quinolone resistance (PMQR), qnrA, was 
reported in a clinical strain of Klebsiella pneumoniae that transferred low-level quinolone 
resistance along with resistance to several other antibiotics to Escherichia coli and other Gram-
negative bacteria in 1998 (Martínez-Martínez et al., 1998). Three main mechanisms of PMQR are 
known to date: Qnr proteins (A, S, B, C, D, VC and their variants), modification of 
aminoglycoside acetyltransferase Aac(6’)-Ib-cr, and efflux pumps QepA, OqxAB (Cattoir and 
Nordmann, 2009; Strahilevitz et al., 2009). 
 
Animal feeds can be sources of quinolone resistant strains into farms, moreover, feeds and food 
animals can be sources of quinolone resistant bacteria in human (Endtz et al., 1991; Mølbak et 
al., 1999; van den Bogaard and Stobberingh, 2000; Johnson et al., 2006; Johnson et al., 2007; 
Fàbrega et al., 2008; Heuer et al., 2009; Thorsteinsdottir et al., 2010; Marshall and Levy, 2011).  
 
Studies on plasmid mediated quinolone resistance (PMQR) determinants in Vietnam are limited 
and when published, the focus is on clinically important isolates. To our knowledge, the first 
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report on PMQR in Vietnam was the investigation of the occurrence of the qnrA and qnrS genes 
on diarrhoeagenic enterobacterial isolates recovered from Hanoi during the period March 2001 to 
April 2002 (Poirel et al., 2006b). In that study, 162 E. coli, 28 Shigella and three Enterobacter 
cloacae isolates were screened for PMQR genes and only a single E. cloacae isolate harboured a 
50-kb qnrS-positive conjugative plasmid. That E. cloacae isolate was demonstrated to transfer 
that plasmid along with qnrS gene via conjugation. Another report on 91 clinical nalidixic acid 
resistant Salmonella enterica serotype Typhi isolates observed that no PMQR determinants 
(qnrA, qnrB, qnrS) were detected (Le et al., 2007). The authors also confirmed that the 
mechanism of NAL resistance was mainly mutation in the quinolone resistance-determining 
chromosomal region of gyrA. The largest survey of PMQR was conducted with 552 unique 
commensal members of the Enterobacteriaceae in Hochiminh City, Vietnam (Le et al., 2009). 
This survey found the predominance of qnrS and aac(6’)-Ib-cr with the rates of 112/552 and 
31/552 of hospital and community unique bacterial isolates, respectively. The proportions of 
detection of qnrA, qnrB and qepA were 18/552, 19/552 and 1/552, respectively. Transfers of 
qnrS-containing plasmids were successful by transformation with K. pneumoniae but not by 
conjugation. In contrast, qnrS gene was successfully transferred via both conjugation and 
transformation of qnrS positive E. coli. In a recent study, complete sequence of a qnrS1-carrying 
plasmid from two imported seafood isolates of S. enterica (Thailand and Vietnam) revealed the 
dissemination of qnrS1-carrying plasmids among different serovars of Salmonella from 
geographically separated sources (Akiyama and Khan, 2011). To our knowledge, in the 
worldwide catfish industry or in Vietnam, the prevalence of PMQR determinants has not been 
studied and published. In summary, studies on PMQR in Vietnam are limited with great concerns 
on clinically important isolates. However, these studies indicated that commensal bacteria might 
be a source of dissemination of PMQR genes , such as qnrS, in Vietnam.  
 
The aims of this chapter are: 
 
• Investigate the prevalence of Plasmid-Mediated Quinolone Resistant (PMQR) 
determinants (qnrA, qnrB, qnrS, aac(6’)-Ib-cr, qepA) in selected bacterial isolates from 
humans and catfishes in Vietnam. 
• Assess the transferability of PMQR via two mechanisms of horizontal gene transfer: 
conjugation and transformation. 
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6.2. Materials and methods 
 
6.2.1. Selected bacterial collection for PMQR study 
 
Bacteria were selected from the collections of catfish isolates (E. coli, Pseudomonas spp. and 
Aeromonas spp.) and human E. coli in this study, 44 ciprofloxacin resistant isolates were chosen 
including 16 human E. coli, 13 catfish E. coli, nine catfish Pseudomonas and six catfish 
Aeromonas spp. 
 
6.2.2. PCR detection of qnrA gene 
 
To detect qnrA gene, pair of primers QnrAm-F/QnrAm-R was used (Cattoir et al., 2007b). To 
date, six variants of this gene were reported (Strahilevitz et al., 2009). This pair of primers can 
amplify all variants. The detailed sequences of pair of primers was: QnrAm-F: 5’- 
AGAGGATTTCTCACGCCAGG-3’ and QnrAm-R: 5’-TGCCAGGCACAGATCTTGAC-3’. 
Boiled cell lysates were used as DNA templates. Positive results for qnrA gene detection were 
confirmed by direct sequencing of PCR products. 
 
6.2.3. PCR detection of qnrB gene 
 
To detect qnrB gene, pair of primers QnrB-F/QnrB-R2 was used (Kim et al., 2009). To date, at 
least 19 variants of this group were reported (Strahilevitz et al., 2009). Although this pair of 
primers cannot amplify all variants and gave some false-positive results, this is considered as one 
of the best primer pairs to detect qnrB gene. The detailed sequences of pair of primers was: 
QnrB-F: 5’-GATCGTGAAAGCCAGAAGG-3’ and QnrB-R2: 5’-ATGAGCAACGATGCCTGG 
TA-3’. Boiled cell lysates were used as DNA templates. Positive results for qnrB gene detection 
were confirmed by direct sequencing of PCR products. 
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6.2.4. PCR detection of qnrS gene 
 
To detect qnrS gene, pair of primers QnrSm-F/QnrSm-R was used (Cattoir et al., 2007b). To 
date, four variants of this gene were reported (Strahilevitz et al., 2009). This pair of primers can 
amplify two variants. The detailed sequences of pair of primers was: QnrSm-F: 5’-CAAGTTC 
ATTGAACAGGGT-3’; QnrSm-R: 5’-TCTAAACCGTCGAGTTCGGCG-3’. Boiled cell lysates 
were used as DNA templates. Positive results for qnrS gene detection were confirmed by direct 
sequencing of PCR products. 
 
6.2.5. Detection of aac(6’)-Ib-cr 
 
Because the difference between aac(6’)-Ib-cr and aac(6’)-Ib is in only two nucleotides, screening 
for aac(6’)-Ib-cr has traditionally involved aac(6’)-Ib amplification followed by sequencing or 
restriction analysis (Strahilevitz et al., 2009). aac(6’)-Ib was amplified by PCR with primers 5’-
TTGCGATGCTCTATGAGTGGCTA-3’ and 5’-CTCGAATG CCTGGCGTGTTT-3’ to produce 
a 482-bp product (Park et al., 2006). Primers were chosen to amplify all known aac(6’)-Ib 
variants. Positive results for aac(6’)-Ib gene were confirmed by direct sequencing of PCR 
products. The cr variant of aac(6’)-Ib encodes an aminoglycoside acetyltransferase that confers 
reduced susceptibility to ciprofloxacin by the N-acetylation of its piperazinyl amine. All PCR 
products positive for aac(6’)-Ib were further analysed by digestion with BtsCI (New England 
Biolabs) to identify aac(6’)-Ib-cr, which lacks the BtsCI restriction site that present in the wild-
type gene. The wild-type aac(6’)-Ib PCR product yielded 210-bp and 272-bp fragments after 
restriction. Boiled cell lysates were used as DNA templates.  
 
6.2.6. Detection of qepA gene 
 
To detect qepA gene, two pairs of primers QEPA-F/ QEPA-R (Yamane et al., 2008) and qepA-
F/qepA-R (Kim et al., 2009) were used. To date, two variants of this gene were reported 
(Strahilevitz et al., 2009). The detailed sequences of pair of primers was: QEPA-F: 5’- 
GCAGGTCCAGCAGCGGGTAG-3’, QEPA-R: 5’-CTTCCTGCCCGAGTATCGTG-3’ and 
qepA-F: 5’-AACTGCTTGAGCCCGTAGAT-3’, qepA-R: 5’-GTCTACGCCATGGACCTCAC-
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3’. Boiled cell lysates were used as DNA templates. Positive results for qepA gene detection 
were confirmed by direct sequencing of PCR products. 
 
6.2.7. RFLP digestion 
 
PCR products of the PMQR genes were digested by restriction enzymes (HinfI and SacI for 
aac(6’)-Ib-cr gene and DraI and BglII for qnrS gene digestion) to examine if they are identical 
before sequencing. At least two different restriction enzymes were chosen toward individual 
PMQR gene. Isolates that shown the same RFLP patterns were presumed as identical and one 
representative of those was then purified using QIAquick gel extraction kit (QIAGEN) before 
sequencing.  
 
6.2.8. DNA purification and sequencing 
 
Purification of DNA from agarose gel using QIAquick Gel Extraction Kit from QIAGEN 
(Germany) was performed according to the manufacturer’s instructions. 
 
Purified cassette arrays were measured quantity and quality by both spectrophotometer 
(OD260/OD280) and agarose gel electrophoresis followed standard protocols required from 
sequencing company (Australian Genome Research Facility (AGRF) Ltd. company). Samples 
were sent to AGRF in 1.5 ml labeled flip-cap tube of total 12 µl of pre-mixed DNA template and 
primer for sequencing. 
 
6.2.9. Transformation of DNA to competent cell E. coli DH5α 
 
Plasmids of selected PMQR positive isolates were transfer to competent cell E. coli DH5α 
followed the protocol described in Chapter 4 – Section 4.2.9. Successful transformants selected 
on AMP (100µg/ml) agar were tested for antibiotic susceptibility to assess the transferability of 
resistance. These transformants were also detected the transfer of PMQR genes and plasmids by 
PCR amplification and Kado and Liu’s protocol (Chapter 4 – Section 4.2.2), respectively. 
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6.2.10. Conjugation assay 
 
Selected PMQR positive isolates were chosen as donors and conjugation assay to assess the 
transferability of resistance to different recipients followed the protocol described in Chapter 4 – 
Section 4.2.10. Successful transconjugants were tested for antibiotic susceptibility, plasmid 
extraction and PCR amplification of PMQR genes. 
 
6.3. Results and discussion 
 
6.3.1. Prevalence of Plasmid Mediated Quinolone Resistance (PMQR) 
determinants in selected collection of catfish and human isolates from 
Vietnam. 
 
Overall, 44 ciprofloxacin resistant isolates were screened for the presence of PMQR determinants 
including qnrA, qnrB, qnrS, aac(6’)-Ib-cr, and qepA. A total of 15 isolates (34%) contained at 
least one of two PMQR genes (qnrS or aac(6’)-Ib-cr) (Fig. 6.1, 6.2). PMQR genes were detected 
in four (25%) of 16 human E. coli, eight (62%) of 13 catfish E. coli, only one (11%) of nine 
catfish Pseudomonas spp. and two (33%) of six catfish Aeromonas spp. (Table 6.1, 6.2, 6.3, 6.4). 
Isolates harbouring aac(6’)-Ib-cr, and qnrS numbered eight and seven, respectively, however no 
isolate was positive for qnrA, qnrB, and qepA. In addition, two human E. coli, two catfish 
Pseudomonas spp. and one catfish Aeromonas sp. isolates also harboured aac(6’)-Ib genes. 
Therefore, aac(6’)-Ib gene is the most prevalence (13 isolates out of 44) in this selected 
collection. Interestingly, aac(6’)-Ib-cr genes were only observed in E. coli isolates (four human 
and four catfish isolates), and qnrS genes were only detected in catfish isolates (four E. coli, one 
Pseudomonas spp. and two Aeromas spp. isolates). No isolate harboured more than one PMQR 
genes. The prevalence of PMQR genes was higher among catfish isolates (11 out of  28 isolates) 
than human isolates (four out of 16 isolates) implied the possible reservoirs of PMQR 
determinants of aquatic environments in Vietnam. 
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Figure 6.1. PCR products of qnrS (A) and aac(6’)-Ib (B) gene amplification from selected 
collection of ciprofloxacin resistant isolates.  
A. PCR products of qnrS gene amplification from selected collection of ciprofloxacin resistant 
isolates. Lane 1, 12: λ DNA/PstI marker. Lane 2-11: PCR products of qnrS gene detected in 
9C64, 9C64, 10C72, R5-14, 3C23, 4C13, 8C13, 11C20, 8C13, 11C20, respectively.  
B. Lane 1, 11: λ DNA/PstI marker. Lane 2-10: PCR products of aac(6’)-Ib gene detected in 
38/11, 2062/9, 215/9, 1118/9, 11C28, 12C23, 12C27, 12C39, 1606/12, respectively.  
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Figure 6.2. BstCI digestion of aac(6’)-Ib amplification PCR products derived from ciprofloxacin 
resistant isolates. PCR products of aac(6’)-Ib if contain cr variant (two nucleotides different from 
aac(6’)-Ib) would not be digested by BstCI. 
A. Lane 1 and 15 (A): λ DNA/PstI marker. Lane 2 and 14: undigested PCR products of aac(6’)-
Ib amplification. Lane 3-13: BstCI digestion of PCR products from strains: 38/11, 2062/9, 215/9, 
1118/9, 11C28, 12C23, 12C27, 12C39, 5C24, 5C25, M14-7, respectively.  
B. Lane 1 and 8: λ DNA/PstI marker. Lane 2: undigested PCR products of aac(6’)-Ib 
amplification. Lane 3-7: BstCI digestion of PCR products from strains: 255/9, 255/9, blank, 
1606/12, 1606/12, respectively. 
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Table 6.1. PMQR (qnrA, qnrB, qnrS, aac(6’)-Ib, aac(6’)-Ib-cr, qepA) gene detection of ciprofloxacin resistant human E. coli isolates 
 
A: qnrA  
B: qnrB   
S: qnrS  
Ib: aac(6’)-Ib   
Ib-cr: aac(6’)-Ib-cr 
Q: qepA 
 
Isolates Resistance phenotypes Int1 Int2 No of plasmids A B S Ib Ib-cr Q 
255/9 AMP, AMO, STR, TET, CIP, NOR, NAL, SXT, CHL + - 2 - - - + - - 
962/11 CIP,  NOR, NAL, SXT, CHL - - 0 - - - - - - 
38/11 AMP, AMO, STR, KAN, TET, CIP, NOR, NAL, SXT - - 1 - - - - + - 
2062/9 AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL - - 1 - - - - + - 
228/12 AMP, AMO, STR, TET, CIP, NOR, NAL, SXT - - 3 - - - - - - 
336/9 AMP, AMO, STR, TET, CIP, NOR, NAL, SXT - - 3 - - - - - - 
215/9 AMP, AMO, TET, CIP, NOR, NAL - - 1 - - - - + - 
2132/12 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL + - 0 - - - - - - 
2183/10 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL + - 0 - - - - - - 
54/10 AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT + - 3 - - - - - - 
2065/10 AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT + - 2 - - - - - - 
1561/11 AMP, AMO, GEN, NEO, STR, KAN, TET, CIP, NOR, NAL, SXT + - 1 - - - - - - 
1234/9 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT + - 0 - - - - - - 
1606/12 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT + + 2 - - - + - - 
1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + - 2 - - - - + - 
5TD2 AMP, AMO, STR, TET, CIP, NOR, NAL, SXT - - 2 - - - - - - 
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Table 6.2. PMQR (qnrA, qnrB, qnrS, aac(6’)-Ib, aac(6’)-Ib-cr, qepA) detection of ciprofloxacin resistant catfish E. coli. Abbreviations 
are as in Table 6.1. 
 
Isolates Resistance phenotypes Int1 Int2 No of plasmids A B S Ib Ib-cr Q 
1C9 AMP, AMO, GEN, TET, DOX, CIP, NOR, NAL, SXT, CHL +  - 2  -  - -  - -  - 
3C23 AMP, AMO, GEN, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL +  - 2  -  - +  - -  - 
4C13 TET, DOX, CIP, CHL -   - 1  -  - +  - -  - 
6C31 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL +  - 2  -  - -  - -  - 
6C39 AMP, AMO, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL +  - 2  -  - -  - -  - 
8C13 AMP, AMO, STR, TET, DOX, CIP, SXT, CHL +  - 1  -  - +  - -  - 
10C1 AMP, AMO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT +  - 2  -  - -  - -  - 
11C20 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NAL, SXT +  - 1  -  - +  - -  - 
11C28 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL +  - 3  -  - -  - +  - 
12C1 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL +  - 1  -  - -  - -  - 
12C23 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL +  - 0  -  - -  - +  - 
12C27 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL +  - 0  -  - -  - +  - 
12C39 AMP, AMO, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL +  - 0  -  - -  - +  - 
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Table 6.3. PMQR (qnrA, qnrB, qnrS, aac(6’)-Ib, aac(6’)-Ib-cr, qepA) detection of ciprofloxacin resistant catfish Pseudomonas spp. 
Abbreviations are as in Table 6.1. 
 
Isolates Resistance phenotypes Int1 Int2 No of plasmids A B S Ib Ib-cr Q 
5C19 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT + - 0 - - - - - - 
5C20 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT + - 0 - - - - - - 
5C21 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT + - 0 - - - - - - 
5C22 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT - - 0 - - - - - - 
5C23 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT + - 0 - - - - - - 
5C24 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT + - 0 - - - + - - 
5C25 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT + - 0 - - - + - - 
9C64 AMP, AMO, CIP, NOR, NAL, SXT, CHL, NIT + - 0 - - + - - - 
10C96 AMP, AMO, CIP, NOR, NAL, SXT, CHL, NIT - - 1 - - - - - - 
 
 
Table 6.4. PMQR (qnrA, qnrB, qnrS, aac(6’)-Ib, aac(6’)-Ib-cr, qepA) detection of ciprofloxacin resistant catfish Aeromonas spp. 
Abbreviations are as in Table 6.1. 
Isolates Resistance phenotypes Int1 Int2 No of plasmids A B S Ib Ib-cr Q 
10C72 AMP, AMO, GEN, NEO, STR, TET, DOX, CIP, NAL, SXT, CHL, NIT + - 2 - - + - - - 
13C23 STR, CIP, NOR, NAL, SXT, CHL - - 0 - - - - - - 
13C24 AMP, AMO, GEN, NEO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT, CHL, NIT - - 0 - - - - - - 
M 14-7 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NAL, SXT, CHL, NIT + - 0 - - - + - - 
R5-14 AMP, AMO, STR, CIP, NAL, SXT + - 2 - - + - - - 
15C55 AMP, AMO, TET, DOX, CIP, NAL, SXT, CHL, NIT - - 0 - - - - - - 
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To assess the prevalence of PMQR determinants in many studies, a multiplex PCR assay with 
different sets of primers was frequently used (Gay et al., 2006; Robicsek et al., 2006c; Cattoir et 
al., 2007b; Kim et al., 2009). However, Kim et al. (2009) reported the false-positive in 28 of 65 
positive isolates. The authors did not fully understand the reasons of false-positive occurring. 
Therefore, they recommended to use multiplex PCR just for screening. Further monoplex PCR or 
direct sequencing was needed for confirmation (Kim et al., 2009). As a consequence, monoplex 
PCR was used in this study to investigate the prevalence of PMQR determinants in the selected 
collection of ciprofloxacin resistant human and catfish isolates. All PMQR gene positive isolates 
were digested by at least two restriction enzymes to confirm their identities before sequencing.   
 
In this study, the presence of qnrA, qnrB and qepA genes was not detected in the selected 
collection of catfish and human isolates (Table 6.1, 6.2, 6.3, 6.4). These results were in 
agreement with other two studies on PMQR genes in clinical isolates in Vietnam (Poirel et al., 
2006b; Le et al., 2007). These authors reported the absence of qnrA, qnrB genes in 91 NAL 
resistant clinical S. enterica serotype Typhi or in the collections of 162 E. coli, 28 Shigella spp. 
and 3 E. cloacae. Another study on a large number of unique bacterial isolates from the hospital 
and community groups in Hochiminh City, Vietnam also found the lower frequencies of qnrA, 
qnrB and qepA than those of aac(6’)-Ib-cr and qnrS genes (Le et al., 2009). It seems likely that in 
Vietnam, Qnr protein (A, B) and efflux pump (QepA) were not frequently detected, especially, 
qnrA and qnrB genes which were otherwise observed at the highest prevalence among qnr genes 
worldwide (Cattoir and Nordmann, 2009). 
 
In Vietnam, only one qnrS was found in 284 enterobacterial isolates collected in the period of 
1996-2004 and 2001-2002, but in large collection of 552 hospital and community unique 
Enterobacteriaceae bacterial isolates in 2004-2005, 112 qnrS, 18 qnrA and 19 qnrB were found 
(Poirel et al., 2006b; Le et al., 2007; Le et al., 2009). The qnr genes have already been found in 
all continents and mostly in clinically common Enterobacteriaceae (Strahilevitz et al., 2009). 
Generally, the prevalence of qnrA and qnrB genes is higher than that of qnrS gene (Cattoir and 
Nordmann, 2009). However, in Vietnam, qnrS gene was likely the most prevalence among qnr 
genes (Poirel et al., 2006b; Le et al., 2007; Le et al., 2009). These reports are similar to the 
findings from this study of selected bacterial isolates from catfish and human (Table 6.1, 6.2, 6.3, 
6.4). 
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qnrS gene was discovered in a clinical isolate of Shigella flexneri 2b in Japan (Hata et al., 2005). 
To date, a total of five variants of this gene have been reported (Strahilevitz et al., 2009; Han et 
al., 2011). Similar to qnrA and qnrB genes, qnrS was mostly responsible for resistance to 
nalidixic acid (first generation of quinolones) but not to fluoroquinolones (Cattoir and Nordmann, 
2009; Strahilevitz et al., 2009). QnrS protein confers reduced susceptibility to ciprofloxacin with 
MIC of CIP increased from 0.008 µg/ml in wild-type to 0.25-0.5 µg/ml in wild-type carrying 
qnrS gene (Cattoir and Nordmann, 2009; Strahilevitz et al., 2009). The prevalence of qnrS genes 
was reported worldwide but mainly found in Salmonella spp., Enterobacter spp., Klebsiella spp., 
E. coli, and less frequency in Shigella spp., Aeromonas spp. (Cattoir and Nordmann, 2009).  
 
In this study, qnrS gene was the only qnr genes detected (Table 6.1, 6.2, 6.3, 6.4). Its prevalence 
was observed only in catfish isolates consisting of 4/13 E. coli, 1/9 Pseudomonas and 2/6 
Aeromonas spp. No human E. coli harboured qnrS genes. These results provided more evidence 
to confirm the dissemination of qnrS genes in Asia or in Vietnam. The absence of qnrA in the 
collection was also in accordance with the literature which shows qnrA was the least detected of 
qnr genes in Asia. However, the absence of qnrB gene was unexpected even though in other 
previous studies on the prevalence of qnr genes in Vietnam showed corresponding results of low 
frequencies or non detection of this qnrB gene (Poirel et al., 2006b; Le et al., 2007; Le et al., 
2009). One possible explanation is the broad variability within this group of which at least 19 
variants of qnrB genes are known to date (Strahilevitz et al., 2009). Although many sets of 
primers were designed to overcome this group diversity such as of Gay et al. (2006), Robicsek et 
al. (2006), Cattoir et al. (2007), Kim et al. (2009), no set of primers was perfect due to not fully 
match all variants of qnrB genes (Strahilevitz et al., 2009). Because no comparison of detection 
methods has been conducted, the bias of primers chosen might affect the detection of qnrB. This 
present study used primers designed by Kim et al. (2009), and the previous study of Le et al. 
(2007), which also reported the absence of qnrB genes, used primers from Robicsek et al. (2006). 
Therefore, a dearth of variants of qnrB detected was possible. Le et al. (2009), in the recent large 
survey in Vietnam, used primers designed by Cattoir et al. (2007) (that can amplify qnrB1 to 
qnrB6), thus possibly lacking of some variants of this group might lead to the low frequencies of 
qnrB genes detected. Another possible reason is that the qnrB gene is reported mostly in 
Enterobacter spp. and Klebsiella spp. worldwide (Cattoir and Nordmann, 2009). Thus, it may be 
at lower frequency in the collection of E. coli, Pseudomonas and Aeromonas spp. in this study.  
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aac(6’)-Ib-cr was discovered in qnrA-positive E. coli isolates from Shanghai, China (Robicsek et 
al., 2006b). These isolates conferred about fourfold-higher levels of ciprofloxacin resistance 
compared to wild-type carrying only qnrA plasmid. The gene responsible for the increasing MIC 
of ciprofloxacin was an aminoglycoside acetyltransferase, aac(6’)-Ib, which confers resistance to 
tobramycin, amikacin, and kanamycin. Sequencing showed the changes of two codons, 
Trp102Arg and Asp179Tyr, which were responsible for the ciprofloxacin resistance phenotype. 
The authors designated aac(6’)-Ib-cr (cr stands for ciprofloxacin resistance). aac(6’)-Ib-cr was 
selective only for piperzinyl secondary amines such as ciprofloxacin and norfloxacin (Strahilevitz 
et al., 2009). Therefore, aac(6’)-Ib-cr positive isolates often confer reduced susceptibility to 
kanamycin and ciprofloxacin. The aac(6’)-Ib-cr gene alone causes low-level ciprofloxacin 
resistance (two to fourfold increase in the MIC of ciprofloxacin) but along with qnrA, aac(6’)-Ib-
cr can synergistically generate a higher level of resistance to ciprofloxacin (MIC from 0.25 to 1 
mg/L in E. coli J53) (Cattoir and Nordmann, 2009). Although conferring low-level of resistance 
to several fluoroquinolones, the aac(6’)-Ib-cr gene may facilitate the survival of target-site 
mutants (Robicsek et al., 2006b). The prevalence of aac(6’)-Ib-cr was reported worldwide may 
be even more prevalent than Qnr protein but most frequently found  in E. coli and K. pneumoniae 
(Cattoir and Nordmann, 2009; Strahilevitz et al., 2009). In America, aac(6’)-Ib-cr was the most 
prevalently found in 25% to 28% of E. coli in the US (Park et al., 2006; Morgan-Linnell et al., 
2009) and increased from 4% in 2004 to 13% in 2007 in E. coli of clinical Enterobacteriaceae 
isolates in Canada (Pitout et al., 2008). In Europe, aac(6’)-Ib-cr genes were highly detected in 42 
of 43 CTX-M-15-producing E. coli isolates from France, Kuwait, Switzerland, Canada, Portugal  
and Spain (Coque et al., 2008), in 52 of 163 ESBL-producing enterobacteria from Bulgaria of 
which 47 positive isolates were E. coli (Sabtcheva et al., 2009), in 54 of 114 Enterobacteriaceae 
isolates from the UK (of which 94 isolates were E. coli) (Amin and Wareham, 2009), in 12 of 51 
human E. coli in Denmark (Cavaco et al., 2008). In Asia, aac(6’)-Ib-cr was observed in 9.9% of 
362 ESBL-producing K. pneumoniae and E. coli but increased to 51% in 78 ciprofloxacin 
resistant E. coli in China (Robicsek et al., 2006b; Jiang et al., 2008), in seven of eight ESBL-
producing E. coli and three of eight ESBL-producing Klebsiella spp. from Lebanon (Kanj et al., 
2008), in 32 of 718 bloodstream E. coli isolates in Israel (Warburg et al., 2009).  
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In Vietnam, aac(6’)-Ib-cr was only reported in the recent survey, of which 18 E. coli, 12 K. 
pneumonia and one other Enterobacteriaceae isolate carried this gene among 552 hospital and 
community unique Enterobacteriaceae bacterial isolates (Le et al., 2009). The authors also 
confirmed the second prevalence of this gene among PMQR determinants (qnrS, aac(6’)-Ib-cr, 
qnrA, qnrB, qepA) in this large collection of  Enterobacteriaceae (E. coli and K. pneumonia were 
predominant). These results were in agreement with many studies worldwide of which the 
prevalence of this gene in E. coli and  K. pneumonia was frequently reported (Cattoir and 
Nordmann, 2009).  
 
In this study, aac(6’)-Ib-cr was detected in four human and four catfish E. coli isolates (25% and 
31% of human and catfish isolates, respectively) (Table 6.1, 6.2, 6.3, 6.4). No catfish 
Pseudomonas and Aeromonas spp. carried this gene. These results were corresponding with 
many studies reviewed above and confirmed the most prevalence of aac(6’)-Ib-cr in E. coli 
collection. 
 
The prevalence of PMQR genes including qnrS and aac(6’)-Ib-cr was higher among catfish 
isolates (11 out of 28 isolates) than human isolates (four out of 16 isolates) in this study implied 
the possible reservoirs of PMQR determinants of aquatic environments in Vietnam. In addition, 
some qnr genes were likely to have originated in the chromosomes of aquatic environmental 
organisms (Strahilevitz et al., 2009). For instance, in a study of the origin of qnrA gene, Poirel et 
al. (2005) suggested that Shewanella algae, an environmental species from marine and fresh 
water, is a possible reservoir of qnrA. Other qnr genes (qnrS2 genes) have also been found on 
plasmids carried by environmental organisms, Aeromonas punctata subsp. punctata and 
Aeromonas media strains which were isolated from water samples from urban sites in the Seine 
river (Cattoir et al., 2008a). This implied the possible reservoir of qnrS gene of aquatic 
environment. These authors also proposed Vibrio splendidus as the source of plasmid-encoded 
QnrS determinants and Gram negative bacterial species of the aquatic environment may be the 
reservoir of plasmid mediated Qnr-like determinants (Cattoir et al., 2007a). In addition, Sanchez 
et al. (2008) and Venter et al. (2004) found a marine metagene qnr (GenBank accession number 
AACY020347520) which is similar to qnrB8 (98% sequencing similarity) (Venter et al., 2004; 
Sanchez et al., 2008). These data suggested that aquatic environment is a possible reservoir of 
Qnr proteins.  
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However, the possible reservoirs of other mechanisms of PMQR determinants (QepA, AAC(6’)-
Ib-cr) remain unknown. 
 
Although many ciprofloxacin fully resistant isolates contained no qnrS, aac(6’)-Ib-cr, qnrA, 
qnrB, qepA (Cerquetti et al., 2009), PMQR positive isolates were significantly more frequently 
resistant to fluoroquinolones than PMQR negative ones (Kim et al., 2009). Since the discovery of 
plasmid pMG252, on which qnrA1 was originally identified, the authors observed that plasmid 
facilitated the selection of higher quinolone resistance mutants which increase the frequency of 
chromosomal resistance mutations to ciprofloxacin or nalidixic acid at more than 100 times 
higher (Martínez-Martínez et al., 1998). Qnr determinants may increase the mutant prevention 
concentration (MPC), the lowest concentration required to prevent the growth of resistant 
mutants (from a starting inoculum of about 1010 bacteria) of ciprofloxacin, interplay with 
chromosomal mechanisms such as altered quinolone target enzymes, efflux pump activation or 
deficiency in outer-membrane proteins to raise significantly the resistance levels (Martínez-
Martínez et al., 2003; Rodríguez-Martínez et al., 2007; Jeong et al., 2008; Strahilevitz et al., 
2009). Therefore, Qnr-positive isolates are able to act as a background for an in vivo-selection of 
additional chromosomal mechanism of resistance to quinolones after treatment by 
fluoroquinolones (Poirel et al., 2006a). Limited information on interaction between aac(6’)-Ib-cr 
and other quinolone resistance mechanisms was reported, however, the presence of  aac(6’)-Ib-cr  
may facilitate survival of target-site mutants with a 10-fold increase of their MPC (Robicsek et 
al., 2006b). The authors also found the synergistic effect of qnrA and aac(6’)-Ib-cr to generate 
higher level of resistance to ciprofloxacin (MIC from 0.25 to 1 mg/L in E. coli J53). In summary, 
the presence of PMQR determinants such as Qnr proteins or AAC(6’)-Ib-cr may facilitate other 
chromosomal mechanisms of resistance to significantly increase quinolone resistance levels. In 
this study, the selected collection of human and catfish isolates showed full resistance to CIP 
implying the possible existence of other quinolone resistance mechanisms. 
 
A total of seven qnrS positive isolates were digested using DraI and BglII restriction enzymes 
before sequencing. Eight aac(6’)-Ib-cr positive isolates were similarly digested by HinfI and SacI 
restriction enzymes. The results of RFLP analysis showed that all aac(6’)-Ib-cr and qnrS positive 
isolates were digested to produce the same restriction patterns, except R5-14, confirming that 
these PMQR positive isolates were identical (Fig. 6.3, 6.4). Sequencing results confirmed the 
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presence of qnrS1 (Genbank accession number JF773338.1) and aac(6’)-Ib-cr (Genbank 
accession number EF210035.1). The qnrS positive Aeromonas isolate, R5-14, was likely to be a 
false-positive or its qnrS PCR product was too low a DNA concentration to be digested by DraI 
and BglII  restriction enzymes. 
 
 
Figure 6.3. HinfI (A) and SacI (B) digestion of aac(6’)-Ib gene amplification PCR products 
derived from ciprofloxacin resistant isolates.  
A. Lane 1 and 11: λ DNA/PstI marker. Lane 2-10: HinfI digestion of PCR products from strains: 
38/11, 2062/9, 215/9, 1118/9, 11C28, 12C23, 12C27, 12C39, 1606/12, respectively. 
B. Lane 1 and 11: λ DNA/PstI marker. Lane 2-10: SacI digestion of of PCR products from 
strains: 38/11, 2062/9, 215/9, 1118/9, 11C28, 12C23, 12C27, 12C39, 1606/12, respectively.  
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Figure 6.4. DraI (A) and BglII (B) digestion of qnrS amplification PCR products derived from 
ciprofloxacin resistant isolates.  
A. Lane 1 and 12: λ DNA/PstI marker. Lane 2-11: DraI digestion of PCR products from strains: 
9C64, 9C64, 10C72, R5-14, 3C23, 4C13, 8C13, 11C20, 8C13, 11C20, respectively. 
B. Lane 1 and 12: λ DNA/PstI marker. Lane 2-11: BglII digestion of PCR products from strains: 
9C64, 9C64, 10C72, R5-14, 3C23, 4C13, 8C13, 11C20, 8C13, 11C20, respectively. 
 
 
 
 
 
 
 
 
448 bp 
339 bp 
B 
A 
  1       2        3        4       5        6       7        8      9      10     11      12 
247 
 
6.3.2. Transferability of  Plasmid-Mediated Quinolone Resistance (PMQR) 
determinants 
 
6.3.2.1. Transfer of PMQR determinants by transformation 
 
Extracted plasmids of seven PMQR positive human and catfish E. coli isolates were used to 
transfer to competent cells by electroporation (Fig. 6.5). Transformation was succeed in five 
isolates except 2062/9 and 11C20 (Table 6.7). Successful transformants were tested for antibiotic 
susceptibility, plasmid transfer by plasmid extraction and PCR amplification of transferred 
PMQR determinants. The reasons to explain for unsuccessful transformation of isolates 2062/9 
and 11C20 were possibly due to the quality of plasmids extracted in case of isolate 11C20 (Fig. 
6.5) or quality of the competent cells. 
 
 
 
Figure 6.5. Plasmids of seven PMQR positive human and catfish E. coli isolates. Lane 1-7: 
plasmids extracted of isolates 1118/9, 215/9, 38/11, 2062/9, 8C13, 11C20, 11C28, respectively. 
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Table 6.5. The transfer of PMQR determinants by transformation 
Isolates Resistance phenotypes IntI1 No of plasmids PMQR genes 
11C28 AMP, AMO, STR, TET, DOX, CIP, NOR, NAL, SXT, CHL + 3 aac (6') - Ib - cr 
11C28* AMP, AMO, TET, SXT + 1 - 
1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + 2 aac (6') - Ib - cr 
1118/9* AMP, AMO - 1 - 
215/9 AMP, AMO, TET, CIP, NOR, NAL - 1 aac (6') - Ib - cr 
215/9* AMP, AMO, TET, [NAL] - 1 aac (6') - Ib - cr 
38/11 AMP, AMO, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT - 1 aac (6') - Ib - cr 
38/11* AMP, AMO, STR, TET, [NAL], SXT - 1 aac (6') - Ib - cr 
8C13 AMP, AMO, STR, TET, DOX, CIP, SXT, CHL + 1 qnrS 
8C13* AMP, AMO, STR, TET, SXT, CHL + 1 qnrS 
1606/12 AMP, AMO, GEN, STR, KAN, TET, DOX, CIP, NOR, NAL, SXT + 2 aac (6') - Ib 
1606/12* AMP, AMO - 1 ND 
10C72 AMP, AMO, GEN, NEO, TET, DOX, SXT, CHL, KAN + 2 qnrS 
10C72* AMP, AMO - 1 ND 
[ ]: intermediate resistance 
*: successful transformants. 
ND: not done 
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aac(6)-Ib-cr positive catfish E. coli isolate 11C28 carried three plasmids, however, 
transformation only showed the transfer of one plasmid of 95 kb (Fig. 6.6). Antibiotic 
susceptibility test showed the transmission of AMP, AMO, TET and SXT resistance phenotypes, 
thus other resistance genes conferring resistance to other antibiotics including aac(6)-Ib-cr were 
possibly harboured in the other two plasmids or in chromosome (Table 6.7). PCR amplification 
also confirmed the absence of aac(6)-Ib-cr gene in the transformant (Fig. 6.7). Similarly, aac(6)-
Ib-cr positive human E. coli isolate 1118/9 carried two plasmids but only one plasmid of 95 kb 
was transferred with the expression of AMP, AMO resistance phenotypes (Fig 6.6). The expected 
absence of aac(6)-Ib-cr gene was also observed by PCR amplification of transformant (Table 
6.7) (Fig. 6.7). It was likely that if the donor isolates carried more than one plasmids, 
transmission may preferentially be selecting for plasmids not carrying PMQR genes. 
  
However, with PMQR positive E. coli isolates that carried only one plasmid including 215/9 
(aac(6)-Ib-cr positive human isolates), 38/11 (aac(6)-Ib-cr positive human isolates), and 8C13 
(qnrS positive catfish isolates), successful transformants showed some interesting results. 
Plasmid extraction of three transformants confirmed the transmission of those plasmids into 
competent cells (Fig. 6.6). The presence of aac(6)-Ib-cr gene in human isolates (215/9, 38/11) 
and qnrS gene in catfish E. coli (8C13) were also detected in the successful transformants (Table 
6.7) (Fig. 6.7). Antibiotic susceptibility tests confirmed the transfers of most of resistance 
phenotypes except the quinolones and fluoroquinolones (Table 6.7). As discussed above, the 
presence of PMQR determinants, such as Qnr or AAC(6’)-Ib-cr proteins, only confers reduced 
susceptibility to nalidixic acid or fluoroquinolones rather than full resistance (Cattoir and 
Nordmann, 2009; Strahilevitz et al., 2009). Therefore, the decrease in susceptibility to quinolones 
or fluoroquinolones cannot be detected by disk diffusion methods which were used in this study. 
However, the intermediate resistance (215/9*, 38/11*) or susceptibility (8C13) observed in those 
transformants (Table 6.7) which received PMQR genes (aac(6)-Ib-cr and qnrS, respectively) 
implying that in the donors (215/9, 38/11, 8C13), other than PMQR genes, there might be other 
quinolone resistance mechanism(s) that along with PMQR genes induced synergistic effect to 
generate full resistance to quinolones or fluoroquinolones. The other quinolone resistance 
mechanism(s) were not transferred along with PMQR genes in plasmids (observed by the 
intermediate resistant or susceptible phenotypes of transformants). Therefore, it appears likely 
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that the other mechanism(s) were chromosome-borne mutation(s) (Robicsek et al., 2006a; Cattoir 
and Nordmann, 2009; Strahilevitz et al., 2009).  
 
In summary, it was likely that if the donor isolates carried more than one plasmids, transmission 
would be preferential for a plasmid not carrying PMQR genes via transformation. However, with 
PMQR positive isolates harbouring one plasmid, PMQR genes (aac(6’)-Ib-cr and qnrS) were 
able to transfer to competent cells through transformation. The intermediate quinolone resistance 
or susceptible observed in transformants implied that in donors there might be other quinolone 
resistance mechanism(s), possible chromosome-borne mutation(s), which along with PMQR 
genes induced synergistic effect to generate fully resistance to quinolones or fluoroquinolones.  
 
 
Figure 6.6. Extracted plasmids of transformants. Lane 7: plasmids of positive control strain S. 
typhimurium ATCC 14028. Lane 1-6: plasmids extracted of transformants 11C28*, 8C13*, 
competent cell, 38/11*, 215/9*, 1118/9*, respectively. 
 
95 kb 
   1          2          3          4          5          6          7    
8-38 kb 
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Figure 6.7. PCR products of PMQR genes of transformants. Lane 4 and 11: λ DNA/PstI marker. 
Lane 1-3: PCR products of qnrS gene amplification of isolates 8C13, competent cell (negative 
control), transformant 8C13*, respectively. Lane 4-10: PCR products of aac(6’)-Ib-cr gene 
amplification of isolates 11C28 (positive control), transformants 215/9* and 38/11*, competent 
cell (negative control), transformants 11C28* and 1118/9*, respectively. 
 
6.3.2.2. Transfer of PMQR determinants by conjugation 
 
The successful transconjugants of aac(6')-Ib-cr and qnrS  positive donors in conjugation assays 
in Chapter 4 and 5 (Section  4.3.8, 5.3.10) were collected and detected for the presence of PMQR 
determinants by PCR amplification with primers described in Section 6.2.4, 6.2.5. Similar to the 
results of transformation, isolate 1118/9 (human E. coli carrying aac(6')-Ib-cr) transferred only 
one plasmid of 95 kb with the expression of AMP, AMO resistance phenotypes to E. coli 
laboratory strains 1-25, 1-33, 1-35 (Table 6.8). The absence of aac(6’)-Ib gene was observed in 
the transconjugants 1118/9-1-25, 1118/9-1-33, 1118/9-1-35 as expected (Fig. 6.8). It was likely 
that, similar to transformation, if the (human) donor isolates harboured more than one plasmids, 
transmission may preferentially be selecting for plasmids not carrying PMQR genes via 
conjugation. 
448 bp 
1     2     3     4     5     6    7     8     9   10   11 
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Figure 6.8. PMQR gene detection in transconjugants.  
A. Lane 1: λDNA/Pst1 marker. Lane 2-11: PCR products of aac(6’)-Ib gene amplification of 
recipients 15C19 and 962/11, transconjugants 11C28-15C19 and 11C28-962/11, recipients 1-25, 
1-33, and 1-35, transconjugants 1118/9-1-25, 1118/9-1-33, and 1118/9-1-35, respectively.  
B. Lane 1: λDNA/Pst1 marker. Lane 2-5: PCR products of qnrS gene amplification of recipients 
HB101 and 962/11, transconjugants 8C13-HB101 and 11C20-962/11, respectively.  
C. Lane 1: λDNA/Pst1 marker. Lane 2-5: PCR products of qnrS gene amplification of 
transconjugants 10C72-JM109, 10C72-1-35, 10C72-1-33, 11C20-JM109, respectively.  
 
 
However, isolate 11C28 (catfish E. coli harbouring aac(6')-Ib-cr) was able to transfer all three of 
its plasmids to human E. coli (962/11 which is resistant to STR) and catfish Aeromonas isolate 
(15C19 which is also resistant to STR) via conjugation (Table 6.8) (Fig. 4.13), whereas, its 
plasmid transformation displayed the transfer of only one plasmid of 95 kb (Table 6.7). These 
results showed that the frequency of occurrence of plasmid transfer via conjugation of catfish 
isolates was likely easier than through transformation. Antibiotic susceptibility testing of 
transconjugants also revealed the transmission of all donor resistance phenotypes (Table 6.7). 
PCR amplification of aac(6’)-Ib in donor (Fig. 6.1), recipients and transconjugant (Fig. 6.8) 
observed the expected gene in transconjugant. These results also provided evidence of quinolone 
resistance transmission between genera (E. coli to Aeromonas in catfish isolates) or host sources 
(catfish E. coli to human E. coli). It was likely that the dissemination of antibiotic resistance 
including quinolone resistance was more facilitated in catfish than in human isolates implying the 
possible reservoir of antibiotic resistance genes of aquatic environments. 
 
1       2      3      4     5      6      7     8      9    10     11    1     2    3    4    5      1     2    3    4   5    6 
448 bp 
C B A 
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Similar results were observed when using qnrS positive catfish Aeromonas isolate, 10C72, as a 
donor. Both plasmids of this donor were transferred to laboratory recipient E. coli (JM109) 
(Table 6.8) in contrast to the transmission of only one plasmid via transformation (Table 6.7). 
Antibiotic susceptibility testing of transconjugant and PCR amplification to detect qnrS gene in 
donor, recipient and transconjugant also observed the expected gene in transconjugant as well as 
the transmission of all donor resistance phenotypes (Table 6.7) (Fig. 6.1, 6.8). These results also 
provided evidence of quinolone resistance transmission between genera and hosts (catfish 
Aeromonas sp. to laboratory E. coli) and the facilitated ability of antibiotic resistance transfer 
through plasmids via conjugation comparing to transformation.  
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Table 6.6. The transfer of PMQR determinants by conjugation 
  Sources ID Resistance phenotype Int1 Plasmids PMQR genes 
Donor H 1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + 2 aac(6')-Ib-cr 
Recipient L1 1-25 SODIUM AZIDE - 0 - 
Transconjugant 1118/9-1-25 AMP, AMO - 1 - 
Donor H 1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + 2 aac(6')-Ib-cr 
Recipient L1 1-33 SODIUM AZIDE - 0 - 
Transconjugant 1118/9-1-33 AMP, AMO - 1 - 
Donor H 1118/9 AMP, AMO, GEN, STR, TET, CIP, NOR, NAL, SXT, CHL + 2 aac(6')-Ib-cr 
Recipient L1 1-35 SODIUM AZIDE - 0 - 
Transconjugant 11118/9-1-35 AMP, AMO - 1 - 
Donor A 10C72 AMP, AMO, TET, DOX,  SXT, CHL, KAN + 2 qnrS 
Recipient L JM109 NAL - 0 - 
Transconjugant 10C72-JM AMP, AMO, TET, DOX,  NAL, SXT, CHL, KAN + 2 qnrS 
Donor E 11C20 AMP, AMO, TET, DOX,  SXT, STR + 1 qnrS 
Recipient L JM109 NAL - 0 - 
Transconjugant 11C20-JM AMP, AMO, TET, DOX,  NAL, SXT, STR + 1 qnrS 
Donor A 10C72 AMP, AMO, TET, DOX,  SXT, CHL, KAN + 2 qnrS 
Recipient L1 1-33 - 0 - 
Transconjugant 10C72-1-33 AMP, AMO, TET, DOX,  SXT, CHL, KAN +        DL qnrS 
Donor A 10C72 AMP, AMO, TET, DOX,  SXT, CHL, KAN + 2 qnrS 
Recipient L1 1-35 - 0 - 
Transconjugant 10C72-1-35 AMP, AMO, TET, DOX,  SXT, CHL, [KAN] + DL qnrS 
Donor E 8C13 AMP, AMO, TET, DOX,  SXT, CHL, STR + 1 qnrS 
Recipient L HB101 AMP, AMO, NEO, TET, DOX, STR, KAN - 1 - 
Transconjugant 8C13-HB AMP, AMO, NEO, TET, DOX, SXT, CHL, STR, KAN + 2 qnrS 
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Table 6.6. Transfer of PMQR determinants by conjugation (cont’) 
 
  Sources ID Resistance phenotype Int1 Plasmids PMQR genes 
Donor E 11C20 AMP, AMO, TET, DOX, SXT, STR + 1 qnrS 
Recipient H 962/11 CIP, NOR, NAL, SXT, CHL, STR - 0 - 
Transconjugant 11C20-962/11 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, STR + 1 qnrS 
Donor E 11C28 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, KAN + 3 aac(6')-Ib-cr 
Recipient A 15C19 AMP, AMO, NAL, STR - 0 - 
Transconjugant 11C28-15C19 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, [KAN], STR + 3 aac(6')-Ib-cr 
Donor E 11C28 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, KAN + 3 aac(6')-Ib-cr 
Recipient H 962/11 CIP, NOR, NAL, SXT, CHL, STR - 0 - 
Transconjugant 11C28-962/11 AMP, AMO, TET, DOX, CIP, NOR, NAL, SXT, CHL, [KAN], STR + 3 aac(6')-Ib-cr 
 
H: E. coli from human   
E: E. coli from catfish      
L: lab strain – E. coli                                                                 
L1: lab strain – E. coli resistant to sodium azide      
P: Pseudomonas sp. from catfish    
A: Aeromonas sp. from catfish     
DL: Data lost                     
256 
 
Other successful conjugations of donor 10C72 were observed to E. coli recipients (laboratory 
strain 1-33 and 1-35 which are resistant to sodium azide). The results of antibiotic susceptibility 
testing of transconjugants displayed the transmission of all donor resistance phenotypes (Table 
6.7). PCR amplification of qnrS in donor, recipients and transconjugant also observed the 
expected gene in transconjugants (Fig. 6.1, 6.8). These results confirmed the evidence of 
quinolones resistance transmission between genera and hosts (catfish Aeromonas sp. to 
laboratory E. coli) and the facilitated ability of antibiotic resistance transfer through plasmids via 
conjugation comparing to transformation.  
 
Catfish E. coli, 11C20, harbouring only one plasmid of  95 kb, successfully transferred that 
plasmid to E. coli recipients (human isolate 962/11 and laboratory strain JM109) via conjugation 
(Table 6.8), although its plasmid transformation was unsuccessful possibly due to the quality of 
plasmid extracted (Section 6.3.1). Antibiotic susceptibility test of transconjugants also revealed 
the transmission of all donor resistance phenotypes (Table 6.7). PCR amplification of qnrS in 
donor (Fig. 6.1), recipients and transconjugants (Fig. 6.8) observed the expected gene in 
transconjugants. These results also provided evidence of quinolones resistance transmission 
between hosts (catfish E. coli to human or laboratory E. coli).  
 
Interestingly, plasmid of 95 kb of catfish isolate 8C13 was successfully transferred to laboratory 
E. coli isolate which already harboured one plasmid of about 10 kb. Plasmid extraction of 
transconjugant confirmed the presence of two plasmids of expected sizes (95 kb and 10 kb) (Fig. 
4.13). Antibiotic susceptibility testing of transconjugant also observed the combination of 
resistance phenotypes of both donor and recipient. PCR amplification of qnrS in donor, recipients 
and transconjugant also observed the expected gene (Fig. 6.1, 6.8). 
 
In general, PMQR genes (aac(6')-Ib-cr and qnrS) were transferable via transformation and 
conjugation. It was likely that the dissemination of antibiotic resistance including quinolone 
resistance was more facilitated in catfish than in human isolates implying the possible reservoir 
of antibiotic resistance genes of aquatic environments. Transmission of quinolone resistance was 
observed by conjugation among different genera and host sources. The frequency of occurrence 
of antibiotic transfers was likely to be easier via conjugation comparing to transformation. 
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6.4. Conclusion 
 
PMQR genes were detected in four (25%) of 16 human E. coli, eight (62%) of 13 catfish E. coli, 
only one (11%) of nine catfish Pseudomonas spp. and two (33%) of six catfish Aeromonas spp. 
including eight aac(6’)-Ib-cr (catfish and human E. coli), and seven qnrS (catfish isolates) but no 
qnrA, qnrB, and qepA was detected. The prevalence of PMQR genes was higher among catfish 
isolates than human isolates implied the possible reservoirs of PMQR determinants of aquatic 
environments in Vietnam. 
 
PMQR genes (aac(6’)-Ib-cr and qnrS) were able to transfer to different genera and host sources 
via the two main mechanisms of horizontal gene transfer: transformation and conjugation. It was 
likely that the transfer of antibiotic resistance, including quinolone resistance occurred more 
readily in catfish than in human isolates implying the possible reservoir of antibiotic resistance 
genes of aquatic environments that can easily move to human colonising bacteria. The frequency 
of occurrence of antibiotic transfers appeared ease via conjugation compared to transformation. 
However, a statistical analysis of the data, involving a much greater data set is required to 
confirm this finding.  
 
This is the first report of the prevalence of PMQR genes in catfish isolates in Vietnam as well as 
their transferability among genera (E. coli, Pseudomonas and Aeromonas isolates) and host 
sources (human, catfish and laboratory strains). 
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CHAPTER 7 – GENERAL DISCUSSION 
 
The fishery sector is an important source of income, employment and food supply worldwide, 
and particularly in Vietnam (FAO, 2010). Its contribution to the national economy of Vietnam is 
considerable with seafood exports to the value of over USD 6.1 billion, accounting for 
approximately 6.5% of the whole country export income in 2011 (GSO., 2012). Catfish export 
has developed significantly in the last ten years to reach the export volume of 660,000 tons and 
USD 1.805 billion in value in 2011 (VASEP, 2012). Catfish production has achieved much 
success in the last decade. However, its explosive development has been troubled by many 
obstacles and challenges including problems on diseases and seed quality, environmental 
sustainability, export-import trading barriers, production cost increasing, oversupply, and other 
global and regional socioeconomic problems (Le and Cheong, 2010). One of the key issues that 
affected the sustainable development of catfish industry in Vietnam is the disease outbreaks and 
the consequent improper uses of drugs and chemicals due to intensified density of culture 
practices (Nguyen and Dang, 2010). Antibiotics used for infectious disease treatments can lead to 
residues in fish flesh (Nguyen and Dang, 2010) or are driving forces for increasing development 
of resistant bacteria (Marshall and Levy, 2011). Limited studies have been conducted on catfish 
commensal flora and their antimicrobial resistance characteristics to estimate trends of resistance 
development in the catfish industry in Vietnam. 
 
Resistance genes can be transferred among bacteria and fish pathogens in the aquatic 
environments (Cabello, 2006; Heuer et al., 2009). The evidence for the exchange of resistance 
determinants between aquatic and terrestrial environments including bacteria of animals and 
humans are well documented (Cabello, 2006). Spread of resistance may occur via direct contact 
with fish or animals or indirect through the food chain (Heuer et al., 2009; Marshall and Levy, 
2011). Resistance genes can be transferred to human pathogens via horizontal gene transfer or in 
some circumstances, resistant aquatic bacteria may be human pathogens that directly affect 
humans (Marshall and Levy, 2011). In summary, the emergence of resistance in human 
infections, possibly due to the acquisition of antibiotic resistance by either direct or indirect 
contact with antibiotic resistant bacteria from aquatic environments, was evidently observed 
worldwide. However, to our knowledge, limited information on molecular antibiotic resistance 
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and resistance transfer mechanisms of aquatic environmental and fish commensal bacteria in 
Vietnam, especially catfish, has been undertaken. 
 
In Vietnam, studies on molecular antibiotic resistance are limited in clinical pathogens such as 
Salmonella spp., Vibrio cholera, Shigella spp. or Proteus spp. (Dalsgaard et al., 1999; Naas et al., 
2000; Iversen et al., 2003; Nguyen et al., 2005b; Bui et al., 2008; Vo et al., 2010). Antibiotic 
resistance of clinical E. coli was mostly reported from the two biggest cities, Ha Noi and Ho Chi 
Minh. However, the primary aims of these researches were to characterise antibiotic resistance 
and to detect virulence determinants as well as extended-spectrum-β-lactamase resistance genes 
of diarrheagenic E. coli (Cao et al., 2002; Isenbarger et al., 2002; Nguyen et al., 2005b; Nguyen 
et al., 2005c; Bui et al., 2008). To our knowledge, research on prevalence and characterisation of 
integrons and cassette arrays as well as the transferability by known mechanisms such as 
transformation and conjugation of clinical E. coli in Vietnam were absent. 
 
Quinolones and fluoroquinolones are among antibiotics extensively used for both human 
medicine and food animal treatments (Moulin et al., 2008; Marshall and Levy, 2011), therefore, 
resistance to this class of antibiotics has been increasingly reported (Neuhauser et al., 2003; 
Fàbrega et al., 2008; Heuer et al., 2009). Traditionally, quinolone resistance was believed to arise 
from chromosomal mutations either by single mutation (to first generation of quinolones such as 
NAL) or double or more mutations (to fluoroquinolones) (Wolfson and Hooper, 1989; Mitscher, 
2005; Strahilevitz et al., 2009; Crump et al., 2011). The possibilities of occurrence of double or 
more mutations are very low, therefore, the resistance to quinolones or fluoroquinolones was 
unlikely to be a major concern (Robicsek et al., 2006a). However, its resistance has been 
increasingly reported worldwide in human and animal isolates (Neuhauser et al., 2003; Cattoir 
and Nordmann, 2009; Strahilevitz et al., 2009; Marshall and Levy, 2011). Therefore, horizontal 
transfer by transferable elements could provide more explanations for bacterial survival in the 
face of quinolone selection pressure (Strahilevitz et al., 2009). Studies on plasmid mediated 
quinolone resistance (PMQR) determinants in Vietnam are limited and have been focused on 
clinically important isolates. To our knowledge, in the worldwide catfish industry or in Vietnam, 
the prevalence of PMQR determinants has not been extensively studied. Although studies on 
PMQR in Vietnam are limited on clinically important isolates, some publications indicated that 
commensal bacteria might be a source of dissemination of PMQR genes. 
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This project aimed to determine the extent of antibiotic resistance in catfish isolates (E. coli, 
Pseudomonas and Aeromonas spp.) and human E. coli in Vietnam. Furthermore, molecular 
characterisation of antibiotic resistance (prevalence of class 1 and class 2 integrons, gene cassette 
arrays, plasmid presence, plasmid-mediated quinolone resistance determinants and the roles of 
integrons in dissemination of resistance genes via horizontal gene transfer) of catfish and human 
isolates in Vietnam was conducted. A total collection of 157 E. coli, 116 Pseudomonas spp. and 
92 Aeromonas spp. were recovered from catfish and catfish pond water and sediment, all termed 
catfish isolates, from five representative provinces, which production was consisted of more than 
90% of catfish production of the Mekong Delta, the region where the whole country’s exported 
catfish was produced. In addition, 72 human E. coli isolates were recovered from three hospitals 
in Hochiminh City, Vietnam. Catfish and human isolates were assessed for the resistance to 14 
antibiotics belonged to eight different classes that are widely used in aquaculture in Vietnam. 
 
Resistance to β-lactams (AMP, AMO) was approximately 60% of catfish E. coli, however, the 
incidences of resistance observed against Pseudomonas and Aeromonas spp. isolates were even 
higher than 90%. These results implied that β-lactams (AMP, AMO) are widely used in catfish 
industry in Vietnam. In addition, the extremely high level of resistance found in catfish 
Pseudomonas isolates in Vietnam as well as in many publications worldwide reflected the 
intrinsic resistance to β-lactams (AMP, AMO) of this genus. Catfish Aeromonas spp. also 
displayed high resistance to β-lactams (AMP, AMO) in this study. The prevalence of β-
lactamases (three principle classes including class C cephalosporinase, class D penicillinase, and 
class B metallo-β-lactamase) recognised among Aeromonas species caused the most concern of 
resistance to a wide variety of β-lactam antibiotics (Walsh et al., 1995; Rossolini et al., 1996; 
Walsh et al., 1997; Janda and Abbott, 2010). Furthermore, AMP and AMO are ranked as 
“critically important” antibiotics for human medicine by WHO (Collignon et al., 2009). 
Therefore, the high incidences of resistance to these antibiotics in human E. coli isolates not only 
implied the frequent use in human medicine but also reflected their lowered efficacy which 
suggested that such antibiotics need to be used prudently to retain their efficacy.  
 
Tetracyclines are broad-spectrum antibiotics which exhibit activity against a wide range of Gram-
positive and Gram-negative bacteria, and are extensively used in the therapy of human and 
animal infections. Tetracyclines are now classified as critically important drugs for human 
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treatments (WHO., 2009). It is interesting to observe that the levels of resistance in human and 
catfish E. coli (60% - 70%) are much higher than in catfish Pseudomonas and Aeromonas isolates 
(30% - 35%). Tetracycline resistance mainly results from the acquisition of new genes, tet genes 
encoding for efflux proteins, ribosomal protection proteins or enzymatic inactivation of TET, 
which are often located on mobile elements such as mobile conjugative plasmids, transposons, 
and integrons (Chopra and Roberts, 2001; Roberts, 2005). In addition, the genome of E. coli is of 
high plasticity allowing it to easily gain and lose genes that are associated with mobile elements 
(Kuhnert et al., 2000). Therefore, it is reasonable to observe the higher levels of resistance to 
TET of E. coli isolates than of Pseudomonas and Aeromonas species. High incidences of 
resistance to critically important antibiotic, TET, are also of great concerns on using this class of 
drug for human and catfish therapy. Less frequent use of DOX, another critically important 
antibiotic in the tetracycline class, was reflected by the lower incidence of resistance comparing 
to TET in both human and catfish medicine and the dearth of information on its resistance 
reported worldwide. Resistance to DOX, possibly due to cross-resistance to TET by some 
ribosomal protection proteins (Eady et al., 1993; Chopra and Roberts, 2001) has been reported.  
 
Among four aminoglycosides used in this study, the incidences of resistance to STR were the 
highest comparing to GEN, NEO, KAN in both catfish and human isolates. In general, the levels 
of resistance to STR of catfish isolates, especially catfish E. coli, were higher than human E. coli. 
This posed a risk of possible transfer of STR resistance from catfish to human isolates resulting 
in the failure of human treatment using this critically important drug. Streptomycin was the first 
aminoglycosides introduced to clinical therapy in the 1940s and still remains as an important 
agent in the treatment of tuberculosis, brucellosis, tularaemia and plague (Durante-Mangoni et 
al., 2009). In Vietnam, streptomycin was amongst the first-line antibiotics for tuberculosis 
treatment, a major cause of morbidity and mortality worldwide as well as in Vietnam (Nguyen et 
al., 2006). Transmissions of drug resistant M. tuberculosis isolates in the US or in the South of 
Vietnam were reported (Dang et al., 2000; Gagneux et al., 2006). Therefore, fairly high levels of 
resistance to STR found in catfish commensal flora and human E. coli implied great concerns on 
the use of this aminoglycoside antibiotic in Vietnam. Streptomycin has only a single ribosomal 
binding site, therefore it is compromised by high frequency mutations that alter this site, 
especially under high selective pressure (Livermore, 2005), whereas, other aminoglycosides have 
multiple binding sites and are not easily compromised. In addition, genes conferring resistance to 
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STR and SUL are often linked (Livermore, 2005), possibly due to association of gene pair 
strA/strB (conferring resistance to STR) and sul2 (conferring resistance to sulfonamide, SUL) 
(Soufi et al., 2011). This may lead to the co-selection of  resistance to STR with resistance to 
SUL, antibiotic that widely used in aquaculture. Moreover, gene encoding STR resistance (aadA) 
was frequently found as gene cassette of class 1 integrons, mobile genetic elements that play 
significant roles in dissemination of resistance genes, in human and catfish isolates (Chapter 4 – 
Section 4.3.3, Chapter 5 – Section 5.3.7). The results of antibiotic resistance transmission via the 
two most common mechanisms of horizontal gene transfer, transformation and conjugation, also 
showed the frequent transfer of resistance to STR among human and catfish isolates (Chapter 4 – 
Section 4.3.7, 4.3.8, Chapter5 – Section 5.3.9, 5.3.10). These results may reflect the high 
incidence of resistance to STR observed in human and catfish isolates in this study. Finally, the 
high levels of resistance to STR may imply the wide use of this antibiotic for human and catfish 
disease treatments in Vietnam. This study may raise a warning in using this critically important 
antibiotic in such limited circumstances of serious human disease therapy in Vietnam. In 
addition, resistance to STR observed at higher levels in E. coli than in Pseudomonas and 
Aeromonas isolates in this study also reflected the high plasticity of E. coli’s genome by virtue of 
the obvious association between genes conferring resistance to STR (strA/strB, aadA genes) and 
mobile genetic elements (plasmids, integrons). 
 
Sulfonamides (SUL) block the enzyme dihydropteroate synthetase (DHPS), which catalyses the 
formation of dihydrofolate from para-aminobenzoic acid, in the biosynthesis pathway to folate. 
Whereas, trimethoprim (TMP) inhibits dihydrofolate reductase (DHFR), which catalyses the 
formation of tetrahydrofolate from dihydrofolate, in the subsequent step of the folic acid 
metabolism (Huovinen, 2001). Thus, the rational for the effective combination is the synergistic 
blockade of two different steps in the biochemistry of this coenzyme, folic acid. Combination 
(SXT) of SUL and TMP was considered as a critically important antibiotic due to possible 
limited therapies for acute bacterial meningitis, systemic non-typhoidal salmonella infections and 
other infections in certain geographic settings (WHO., 2009) although it was commonly ranked 
as a highly important antimicrobial (Collignon et al., 2009). SXT was considered as first-line 
agents for uncomplicated urinary tract infection therapy in the US (Brown et al., 2002), 
methicillin resistant Staphylococcus aureus (MRSA) treatment in the US  (Cadena et al., 2011), 
primary care clinics in Taiwan (Hsueh et al., 1999), diarrhea in Vietnam (Bui et al., 2008), 
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therefore increasing evidence of its resistance is of concerns worldwide. In addition, the 
widespread use of the combination of these two classes of antibiotics not only exerted a strong 
co-selection pressure for these two classes of resistance genes causing increase of resistance but 
also favoured hypersensitive reactions which was attributed to sulfamethoxazole (Enne et al., 
2001). Moreover, these authors also found that even after a considerable decrease in use of 
sulfonamides, the prevalence of resistance had not declined (Enne et al., 2001). A possible 
explanation for this phenomenon was the adaption of resistant strains to the trade-off cost of 
resistance (Sköld, 2001). Therefore, individual use of these two classes of antibiotics was 
recommended in human medicine (Enne et al., 2001; Huovinen, 2001).  
 
In this study, the high (but very similar) levels of resistance were observed in both catfish and 
human E. coli except in catfish Pseudomonas species implied the wide use of this combination of 
antibiotics in Vietnam (Chapter 3 – Section 3.3.2, 3.3.3, 3.3.4; Chapter 5 – Section 5.3.1). The 
prevalence of genes conferring resistance to TMP (dfr genes) as well as genes encoding 
resistance to SUL (sul1, sul2, sul3 genes) was found in typical and untypical class 1 integrons of 
catfish and human isolates (Chapter 4 – Section 4.3.3, 4.3.9; Chapter 5 – Section 5.3.7, 5.3.11). 
The results of antibiotic resistance transmission via the two most common mechanisms of 
horizontal gene transfer, transformation and conjugation, also exhibited the frequent transfer of 
resistance to SXT among human and catfish isolates (Chapter 4 – Section 4.3.7, 4.3.8, Chapter5 – 
Section 5.3.9, 5.3.10). These  results provided evidence to explain the high incidences of 
resistance to SXT observed in this study. In addition, the extremely high levels of resistance to 
SXT found in catfish Pseudomonas isolates in Vietnam as well as in many publications 
worldwide reflected the intrinsic resistance to SXT of this genus. In a study on Pseudomonas 
aerugenosa, the most clinically important species of Pseudomonas spp., resistance to both 
trimethoprim and sulfamethoxazole was reported (Huovinen, 2001) possibly due to its possession 
of  multidrug efflux systems (intrinsic resistance) to trimethoprim and sulfamethoxazole (Kohler 
et al., 1996). This implied the possible intrinsic resistance system in the collection of catfish 
Pseudomonas spp. in this study. 
 
Quinolones are ranked as a critically important class of antibiotics due to their importance in 
human medicine (Collignon et al., 2009). The high levels of resistance to the first generation of 
quinolones, NAL, were observed in catfish isolates, whereas low incidences of less than 10% of 
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resistant catfish isolates were displayed against fluoroquinolones, CIP and NOR (Chapter 3 – 
Section 3.3.5). These results implied the wide uses of NAL in catfish industry in Vietnam. In 
addition, fluoroquinolones (ciprofloxacin, enrofloxacin) were listed as prohibited antibiotics for 
use in aquaculture for seafood products exported to the United States and North America 
(MARD, 2009) which implied the low incidences of resistance found in catfish isolates in this 
study. However, the high levels of resistance to NAL, generally resulting from a single 
chromosomal point mutation in the DNA gyrase, poses a risk for the development of 
ciprofloxacin resistance, which is usually associated with two or more chromosomal point 
mutations (Crump et al., 2011). Moreover, the high incidences of resistance to NAL of catfish 
Pseudomonas species implied the intrinsic resistance of this genus (Chapter 3 – Section 3.33). 
Low non-specific permeability and multiple drug efflux systems described in P. aeruginosa may 
account for the intrinsic resistance to quinolones (Ruiz, 2003). On the contrary, the levels of 
resistance to fluoroquinolones (NOR, CIP) and quinolones (NAL) in human E. coli were 
moderate (20%-30%) (Chapter 5 – Section 5.3.1) implied the need for prudent use of this class of 
antibiotics. However, the high levels of resistance to NAL found in catfish E. coli isolates raise a 
concern on possible transfer of this resistance from catfish to human isolates. 
 
In general, antibiotics such as β-lactams (AMP, AMO), inhibitors of folic acid synthesis group 
(SXT), first generation of quinolones (NAL), tetracyclines (TET, DOX), and aminoglycosides 
(STR) were frequently used in the catfish industry in this region resulting in their high incidences 
of resistance. However, the high resistance levels to these antibiotics were commonly found in 
Gram negative isolates of intensive fish farms or affected environments worldwide. The high 
frequencies of resistance observed in catfish isolates in Vietnam, worldwide fish and aquatic 
environmental isolates, reflect the global spread of antibiotic resistance in aquaculture. Therefore, 
the use of these antibiotics in aquaculture must be of great concern.   
 
In addition, high levels of resistance to AMP, AMO, TET, SXT and STR were observed in 
human E. coli isolates implied the frequent use of these antibiotics in human medicine in 
Vietnam. The corresponding high levels of resistance to similar antibiotics between isolates of 
different host sources (catfish and human) posed a risk of possible transmission of antibiotic 
resistance, especially of significant concern when these antibiotics are ranked as critical 
importance for human therapy. Moreover, the genes conferring resistance to these antibiotics are 
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strongly associated with mobile genetic elements. For instance, genes encodes for β-lactamases 
(more than 850 known genes) conferring resistance to wide variety of  β-lactam antibiotics, are 
often plasmid-borne (Drawz and Bonomo, 2010). The tet genes encoding for efflux proteins, 
ribosomal protection proteins or enzymatic inactivation of TET, are often located on mobile 
elements such as conjugative plasmids, transposons, and integrons (Chopra and Roberts, 2001; 
Roberts, 2005). In addition, dfr genes and sul genes conferring resistance to TMP and SUL, 
respectively, are often located on integrons (Sköld, 2001), and genes conferring resistance to STR 
such as aadA or strA/strB are often plasmid-borne (Davis et al., 2010). Therefore, resistance to 
these antibiotics can be readily disseminated and result in the high levels of resistance observed 
in this study. The results of transmission of antibiotic resistance via transformation and 
conjugation of human and catfish isolates in this study also demonstrated the frequent transfer of 
these resistance phenotypes (Chapter 4 – Section 4.3.7, 4.3.8, Chapter5 – Section 5.3.9, 5.3.10), 
provided evidence to explain the high incidence of resistance as well as the possible transfer of 
these resistance in the environments. 
 
CHL is only used at therapeutic doses for treatment of human serious infectious diseases due to a 
number of adverse effects (Schwarz et al., 2004). No safe level of human’s exposure to this 
antibiotic is established, therefore, its use is prohibited in animal feed products and food animals 
in the US, Canada, Japan and the EU, to protect consumers from potential adverse effects arising 
from its residues in carcasses of food animals (Schwarz et al., 2004; Serrano, 2005). Nitrofurans 
are considered as a group of antibiotics effective to a variety of human pathogenic bacteria 
(McCalla, 1983). However, the demonstrated toxicities and mutagenicities of various derivatives 
led to its ban of use in animal feeds and animal health practices (McCalla, 1983; Serrano, 2005). 
As a consequence, seafood export countries such as Vietnam added these antibiotics to their 
banned lists of use in aquaculture (Serrano, 2005). In this study, catfish Pseudomonas isolates 
displayed high incidences of resistance to these prohibited antibiotics implied possible intrinsic 
resistance of this genus (Chapter 3 – Section 3.3.3). Resistance to CHL of Pseudomonas species 
such as P. cepacia, P. aeruginosa was observed (Burns et al., 1989; Li et al., 1994). Decreased 
permeability of outer membrane and multiple drug efflux systems were associated with intrinsic 
resistance of this genus leading to the resistance to CHL. On the other hand, specific mode of 
action or mechanisms of resistance of nitrofurans is still unknown (McOsker and Fitzpatrick, 
1994; Sandegren et al., 2008). However, the unusual high frequency of resistance observed in 
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Pseudomonas spp. implied a possible intrinsic resistance mechanism of this genus. The other 
genera of catfish commensal microflora, E. coli and Aeromonas spp., exhibited moderate levels 
of resistance to CHL but rare to low levels to NIT (Chapter 3-Section 3.3.2, 3.3.4). The  CHL 
resistance genes (catB or cmlA) have often been associated with class 1 integrons, therefore, the 
co-selection is of importance for CHL resistance dissemination. This suggested that, in the 
absence of chloramphenicol selection pressure, CHL resistance is co-transferred and maintained 
due to gene linkage to genes encoding resistance to antimicrobials that are widely used in food 
animals or aquaculture (Schwarz et al., 2004; Bischoff et al., 2005). The results of co-selection 
(catB8-aadA1 in Aeromonas spp., transformation and conjugation in Chapter 4 – Section 4.3.7, 
4.3.8) may be the explanation for the moderate levels of resistance to CHL found in catfish E. 
coli and Aeromonas isolates in this study. On the contrary, rare to low levels of resistance to NIT 
and CHL were observed in human E. coli (Chapter 5-Section 5.3.1). It seemed likely that CHL 
and NIT were still effective against human E. coli, however, their uses for human therapy were of 
concerns due to possible transfer from catfish isolates and the toxicities and mutagenicities of 
nitrofuran derivatives. 
 
Aminoglycosides are amongst the most frequently used antibiotics that are active against a wide 
range of aerobic Gram-negative bacilli, many staphylococci, mycobacteria, and some 
streptococci (Kotra et al., 2000; Magnet and Blanchard, 2005). Aminoglycosides are often used 
in combination with cell wall synthesis inhibitors due to possible synergistic activity (Durante-
Mangoni et al., 2009; Magalhães and Blanchard, 2009). The low levels of resistance (less than 
15%) were observed in human and catfish isolates (Chapter 5-Section 5.3.1, Chapter 3-Section 
3.3.2, 3.3.3, 3.3.4) implied the less frequent use of these antibiotics (NEO, GEN, KAN) in both 
human and catfish treatments in Vietnam. However, their use should not be negligent due to 
toxicities, especially nephrotoxicity and ototoxicity (Durante-Mangoni et al., 2009) or cross-
resistance to β-lactams (Magalhães and Blanchard, 2009). 
 
Colistin, a polymyxin antibiotic, has been introduced to clinical therapy since 1960s but was 
replaced not long in 1970s due to its toxicity (Li et al., 2006). However, with the emerging of 
multidrug resistance pathogens, dependence on the development of new antimicrobials is 
impossible. Therefore, reassessment and evaluation of old antibiotics such as colistin are 
worthwhile due to its significant activity against multi-resistant Gram negative pathogens (Li et 
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al., 2005; Li et al., 2006). In addition, Edwardsiella ictaluri, the causal agent of the infectious 
disease Bacillus Necrosis Pangasius (BNP) in Pangasianodon hypophthalmus (catfish in this 
study), were intrinsically resistant to colistin (Tu et al., 2008). Therefore, a possible high levels of 
resistance to COL may be observed in catfish isolates that pose a risk of possible transfer to 
human isolates. In this study, resistance of human E. coli to COL was low (11%) (Fig. 5.1) along 
with no evidence of transmission of resistant bacteria or resistance gene transfer from non  
human sources (WHO., 2009) suggesting its potential roles in human medicine, especially 
against Gram negative bacteria. 
 
The dissemination of antibiotic resistance is of global concerns. Furthermore, treatments of 
human infections are compromised by the emergence of pathogens that are resistant to multiple 
antibiotics (Alekshun and Levy, 2007). Multiple antibiotic resistance in bacteria may result from 
one of the two mechanisms (Nikaido, 2009). First, bacteria may accumulate multiple genes of 
which each gene conferring resistance to a single antibiotic. This typically occurred on resistance 
(R) plasmids which were assembled by transposons and integrons. Integrons are capable of 
capture, rearrangement and supplying a strong promoter for the expression of several antibiotic 
resistance genes (Cambray et al., 2010). Integrons were then often harboured on transposons or 
plasmids. Second, multiple resistance may be due to multidrug efflux pumps that extruding a 
wide range of drugs. In this study, E. coli (catfish and human isolates) displayed a similar levels 
of multiple resistance (resistant to at least two antibiotics) of approximately 80% of isolates, of 
which about 55% of multiple resistant isolates were simultaneously resistant to two to six 
antibiotics. Because the genome of E. coli is high plasticity (Kuhnert et al., 2000), its high levels 
of multiple resistance were possibly due to accumulation of antibiotic resistance genes harboured 
on integrons. The maintenance of R plasmids, which commonly carried integrons and 
transposons, was mostly stable during cell replication, therefore, facilitated the efficient transfer 
of resistance genes to susceptible cells (Nikaido, 2009). In addition, the presence of Acr 
multidrug efflux pump systems, such as AcrAB-TolC and AcrR on E. coli may provide more 
explanations for the multiple resistance (Martinez et al., 2009). Higher levels of multiple 
resistance were observed on catfish Aeromonas isolates (90% isolates were multiple resistant of 
which 80% were resistant to two to seven antibiotics). However, no specific mechanisms of 
resistance was reportedly associated to this genus except the expression of  inducible β-
lactamases that confer resistance to a variety of β-lactam antibiotics (Janda and Abbott, 2010). 
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On the contrary, catfish Pseudomonas isolates in this study were intrinsically resistant to some 
selected antibiotics (Chapter 3 – Section 3.3.3). Pseudomonas spp. isolates, especially P. 
aeruginosa, the most clinical importance among Pseudomonas species, were reported of 
possession of almost all known mechanisms of resistance either through the acquisition of 
resistance genes or by mutational processes that alter the expression and/or function of 
chromosomally encoded mechanisms (Lister et al., 2009). Therefore, the levels of multiple 
resistance (including antibiotics that were intrinsically being resistant) were much higher 
comparing to other genera, illustrating the difficulties of antibiotic choices for Pseudomonas 
infectious treatments. The multiple antibiotic resistance (MAR) index, a useful tool for risk 
assessment by identifying contamination from high-risk environments, was also calculated for 
each genus and each province of catfish isolates as well as each hospital of human E. coli in this 
study (Chapter 3 – Section 3.3.5.3, Chapter 5 – Section 5.3.4). The MAR index values indicated 
that catfish isolates (E. coli, Pseudomonas and Aeromonas spp.) and human E. coli isolates are 
exposed to high risk sources of contamination, where antibiotics are commonly used. These 
MAR index values also suggested that the five representative provinces corresponded to high-risk 
exposed-antibiotic sources. These results confirmed the high levels of multiple resistance 
observed in catfish and human isolates. 
 
Antibiotic resistance has been recognised as a global health concern for many decades. The 
global problems of antimicrobial resistance particularly puts heavy pressure on the developing 
countries where availability of drugs such as antibiotics and cost of therapy are critical 
constraints for public health (Okeke et al., 2005b). In developing countries, inadequate 
regulations of antimicrobial supply might affect the national strategy to control resistance. Illegal 
importation and distribution of banned antibiotics in non-human therapies may damage the 
official treatments of seriously infectious diseases by virtue of minimising the choices for 
resistant pathogens (Okeke et al., 2005a). In addition, inaccessibility of health care facilities may 
play a role in the development of acquired resistant pathogens in the community due to un-
prescribed self-administer (Liu et al., 2001). However, the availabilities of unsanctioned health 
providers and patient self-medication are the most challenges for the development of antibiotic 
resistance bacteria in developing countries. These implied that reservoirs of antibiotic resistance 
may be present in developing countries causing the increasing burdens of infectious disease 
therapies. In developed countries, self-medication seemed likely limited due to the enforcement 
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of antimicrobial prescription-only regulations (Okeke et al., 2005a). However, the international 
dissemination of antibiotic resistance today was likely originated from developed countries 
(Davies and Davies, 2010). Antibiotics, after their introduction in 1950s into clinical and animal 
husbandry therapies, were available over the counter in developed countries over a period of 
more than 10 years before prescriptions were required (Davies and Davies, 2010). A population 
of antibiotic resistant strains was possibly established during this time in developed countries. 
The discovery of resistance (R) plasmids in Japan in 1950s (Watanabe, 1963) provided evidences 
to explain for the  transmission of plasmid-encoded resistance mechanisms that developed during 
that period (Davies and Davies, 2010). 
 
In bacteria, horizontal gene transfer is the principle mechanism responsible for the widespread of 
antibiotic resistance genes (de la Cruz and Davies, 2000). Horizontal gene transfer is facilitated 
by mobile genetic elements such as conjugative plasmids, transposons, and phages (de la Cruz 
and Davies, 2000; Smets and Barkay, 2005). Integrons are capable of integrating and expressing 
of resistance genes (Cambray et al., 2010). Integrons are not themselves mobile elements but are 
associated to mobile genetic elements (transposons or conjugative plasmids) enabling efficient 
transmission between intra- or interspecies (mobile integrons) (Davies and Davies, 2010). 
Among the 5 class of mobile integrons (Cambray et al., 2010), class 1 and class 2 are recognised 
as the most widespread and clinically important (White et al., 2001). This study focused on the 
prevalence of class 1 and class 2 integrons in catfish and human commensal microflora and their 
roles in antibiotic resistance dissemination in Vietnam where publications on molecular antibiotic 
resistance and resistance transfer mechanisms were limited. 
 
Class 1 integrons generally consist of two conserved segments (5’-CS and 3’-CS) in which the 
5’-CS region (functional platform) contains the integrase gene intI, catalyses the specific excision 
and integration of gene cassettes at a specific locus, attI, and a promoter (Pc) for expression of the 
promoter-less cassette-encoded genes (Cambray et al., 2010). Beyond the gene cassettes, the 3’-
CS is often included which is composed of a qacEΔ1 gene (confers resistance to quaternary 
ammonium compounds), a sul1 gene (confers resistance to sulphonamides) and two open reading 
frames (orf5 and orf6) of unknown function (Partridge et al., 2009). However, class 1 integrons 
lacking 3’-conserved segment were mostly reported with possible genetic linkage to a new 
sulfonamide resistance (sul3) gene or insertion sequence IS26 (Bischoff et al., 2005; Antunes et 
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al., 2007; Toleman et al., 2007; Sunde et al., 2008; Liu et al., 2009; Partridge et al., 2009; Dawes 
et al., 2010). The role of  untypical class 1 integrons in bacterial evolution is unknown, except the 
limited information of possible novel cassette arrays.  
 
High frequencies of occurrence (45.7%) of class 1 integron were observed in catfish isolates in 
Vietnam, of which IntI1 genes were detected in 72.7% (48 out of 66 isolates), 32.8% (22 out of 
67 isolates) and 28.3% (15 out of 53 isolates) of catfish E. coli, Pseudomonas, Aeromonas spp. 
isolates, respectively. However, class 2 integrons was not detected in catfish isolates. The 
genome of E. coli is high plasticity allowing it to easily gain and lose genes that are associated 
with mobile elements (Kuhnert et al., 2000). This provided evidences to explain the more 
prevalence of class 1 integrons in catfish E. coli comparing to Pseudomonas and Aeromonas spp. 
In contrast, human E. coli isolates displayed lower prevalence of class 1 integrons of 37.5% (27 
out of 72 isolates) comparing to catfish E. coli, but one class 2 integron was detected. These 
results implied that class 2 integrons were mostly found in clinical isolates even at low 
frequencies.  
 
Gene cassette variable regions of integrons were amplified with pair of  primers targeting the two 
conserved segments (5’-CS and 3’-CS) and were sequenced. In general, cassette arrays found in 
catfish isolates and human E. coli in this study consisted of gene cassettes that were prevalent in 
humans, animals or environments worldwide such as dfrA12-orfF-aadA2, dfrA17-aadA5, dfrA1-
sat1-aadA1, aadA1, dfrA1-orfX, or dhfrV  (dfrA5), catB8-aadA1, but some rare cassette arrays 
such as dfr2d, dfrA21 or blaIMP13-dhfrVII-blr1088-aac8-blaOXA2 were also observed. Although 
there are currently over 130 gene cassettes described the resistance to almost every known class 
of antibiotics, cassettes encoding dihydrofolate reductases (dfr genes) and aminoglycoside-
modifying enzymes (aadA genes) were the most abundant in this study. These results provided 
evidence to explain the high incidences of resistance to TMP (SXT) and STR observed in catfish 
and human isolates. The co-exist of the gene encoding chloramphenicol resistance, catB gene, 
and the gene conferring resistance to antibiotic that widely used in aquaculture (streptomycin), 
aadA gene, in mobile genetic elements of class 1 integrons, further confirmed the co-selection. 
This suggested that, in the absence of CHL selective pressure, gene conferring resistance to CHL 
is maintained by genetic linkage to gene encoding resistance to antibiotics that are widely used or 
approved for use in aquaculture. This result may also better explain the moderate levels of 
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resistance to CHL found in catfish Aeromonas species. Noteworthy, identical cassette arrays 
found in catfish isolates (E. coli, Pseudomonas or Aeromonas spp.) and human E. coli in Vietnam 
indicated the possible transmission of antibiotic resistance genes via class 1 integrons among 
commensal flora of catfish and human in the environment. 
 
On the contrary, cassette region amplification, using primers targeting 5’-CS and 3’-CS of class 1 
integrons, revealed no products, were observed in high proportions of  catfish isolates and human 
E. coli. This implied the damage in one of the two integrated sites of the primers. The presence of 
3’-CS (qacEΔ1/sul1 region) was not detected in all  non-amplifiable integron positive catfish and 
human isolates (Chapter 4 – Section 4.3.9, Chapter 5 – Section 5.3.11). Class 1 integrons lacking 
this normal 3’-CS, untypical class 1 integrons, have been reported (Bischoff et al., 2005; Antunes 
et al., 2007; Toleman et al., 2007; Sunde et al., 2008; Liu et al., 2009; Partridge et al., 2009). The 
frequency of occurrence of these untypical integrons and their contents in clinical or commensal 
isolates of different origins are unknown. Their roles in bacterial evolution therefore need further 
study due to their frequently reported recently. Some possible reasons resulting in no PCR 
products for cassette region amplification of untypical class 1 integron were summarised. First of 
all, a hybrid integron with structure composed of IntI2 gene and 3’-CS of class1 integron was 
discovered in Acinetobacter baumannii  (Ploy et al., 2000). This implied a theory of a reciprocal 
structure of integrons with 5’-CS of class 1 integrons and tns region of class 2 integrons may 
occur, however, to date, no evidence was published (Partridge et al., 2009). Secondly, the 
absence of 3’-CS region was reported in Tn402, instead, it includes a transposition gene module 
(tni module) containing tniA, tniB, tniQ, and tniR (or tniC) (Post et al., 2007). Gene cassettes of 
Tn402-like class 1 integron amplified by primers designed for 5’-CS and tniR (tniC) gene were 
reported (Post et al., 2007; Toleman et al., 2007). Thirdly, a possible linkage between sul3 gene 
and untypical class 1 integron was frequently reported (Bischoff et al., 2005; Antunes et al., 
2007; Toleman et al., 2007; Sunde et al., 2008; Liu et al., 2009; Partridge et al., 2009; Sáenz et 
al., 2010; Vinué et al., 2010; Soufi et al., 2011). Sequencing studies of many untypical class 1 
integron were commonly showing a genetic structure of qacH+IS440+sul3 beyond the gene 
cassette arrays. Therefore, a possible replacement of this complex to qacEΔ1/sul1 in 3’-CS of 
untypical class 1 integrons was postulated. However, to date, no reliable evidence of possible 
roles of new replaced structure has been confirmed. The fourth reason was found in some 
untypical class 1 integrons truncated by different Insertion Sequence (IS) in which cassette region 
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is truncated by IS6100, IS1, IS26 as were reported (Partridge et al., 2009). All of these 
possibilities would lead to loss of primer bingding sites and so no PCR amplification of the 
cassette array. Prevalence of class 1 integrons with IS26-mediated deletions in 3’CS was 
frequently published in E. coli of human and animal origins (Antunes et al., 2007; Dawes et al., 
2010; Sáenz et al., 2010; Vinué et al., 2010; Soufi et al., 2011). Finally, another possible reason 
was the failure in amplification if cassette array was too long, and was carrying many cassettes 
and/or insertions. Among these possible explanations, the presence of sul3 gene and IS26 
together in an integron which made it difficult to amplify were frequently reported (Bischoff et 
al., 2005; Antunes et al., 2007; Toleman et al., 2007; Sunde et al., 2008; Liu et al., 2009; 
Partridge et al., 2009; Dawes et al., 2010; Sáenz et al., 2010; Vinué et al., 2010; Soufi et al., 
2011). In addition, sul2 gene was often associated with streptomycin resistance gene pair 
strA/strB and IS26 (Miriagou et al., 2006; Vinué et al., 2010; Lucarelli et al., 2011; Soufi et al., 
2011). In this study, sul2 genes were frequently found in 75% of catfish isolates to 90% of human 
E. coli, whereas sul3 genes were less commonly found from 20% to 30% of catfish and human 
isolates of untypical class 1 integrons. Further study on the role of untypical class 1 integrons in 
bacterial evolution, especially in association with the prevalence of sul2, sul3 genes and IS26, is 
necessary. 
 
Large plasmids (as per the Kado and Liu’s description of those which migrate before the 
chromosome, the sizes > 55kb) are often transferable plasmids and are likely to be associated 
with antibiotic resistance genes (Kado and Liu, 1981; Guiyoule et al., 2001; Guerra et al., 2002; 
Martínez et al., 2007; Rodríguez et al., 2009). Large plasmids can carry tra gene complex 
(transfer genes) which enable themselves to move from one host cell to another (Figurski and 
Helinski, 1979; Schwarz and Chaslus-Dancla, 2001). In addition, resistance genes are 
components of integrons, transposons that were frequently assembled into R plasmids, often large 
plasmids (Nikaido, 2009). R plasmids are stably maintained in the host cells due to (1) R 
plasmids often contain genes that ensure the correct partitioning of copies to daughter cells and 
(2) natural R plasmids may contain the “killer” systems so that the loss of the plasmids will result 
in the death of the host cell (Nordstrom and Austin, 1989). In this study, the prevalence of 
plasmids in E. coli (human and catfish isolates) (75%) was much higher than in Pseudomonas 
and Aeromonas spp. (catfish) (25% to 35%). In addition, large plasmids were predominant from 
50% - 70% in catfish Pseudomonas and Aeromonas isolates to 90% in catfish and human E. coli. 
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These results implied the high plasticity of E. coli genome as well as supported the transmission 
of resistance genes via conjugative plasmids. 
 
Horizontal gene transfer (HGT) has a significant role in bacterial evolution, especially for the 
wide spreading of antibiotic resistance genes (de la Cruz and Davies, 2000; Smets and Barkay, 
2005). Genetic exchanges occur in various ways, including transformation, transduction and 
conjugation. Transformation was the first mechanism of HGT to be discovered (Griffith, 1928; 
Frost et al., 2005). Transformation involves the acquisition of naked DNA from the extracellular 
environment of bacterial competence cells and has the potential to transmit DNA between 
distantly related organisms (Mazodier and Davies, 1991; Ochman et al., 2000). Competence is a 
specific physical state of bacterial cells (the permeability of the cell membrane is altered) that 
allows nucleic acids, single stranded, double stranded DNA or plasmids, to bind to the cell 
surface and be taken up by the host (Mazodier and Davies, 1991; Chen and Dubnau, 2004). The 
mechanism of competence development in natural DNA transformation remains unknown. 
Frequency of occurrence of laboratory transformation insufficiently reflects the natural transfer 
events due to the lack of considerably involved environmental factors and population dynamics 
(Thomas and Nielsen, 2005). However, even though transfer frequency at laboratory scale falls 
under a detectable level, ecological horizontal gene transfer is possibly occurring. Although the 
rate of bacteria found to be naturally transformable is approximately one percent of the validly 
described bacterial species (Jonas et al., 2001), natural transformation still plays an important role 
in bacterial evolution (Davies and Davies, 2010). In this study, the transferability of class 1 
integrons and antibiotic resistance phenotypes via plasmids of human and catfish isolates, by 
transformation provided more evidences for the occurrence of this mechanism of HGT in the 
natural environments.  
 
Conjugation is considered as the most common mechanism of HGT for genetic exchange 
(Walker, 1996; Mazel and Davies, 1999). Conjugation involves physical contact between donor 
and recipient cells, mating-pair formation and DNA exchange via a protein complex (conjugative 
pilus) (Sorensen et al., 2005). As conjugation involves no extracellular nucleic acids, the DNA is 
protected from degradation by nucleases or heavy metals (Mazodier and Davies, 1991). 
Conjugation can effectively move plasmids to other cells, transfer large arrays of resistance genes 
for most classes of antibiotics and can occur even between distantly related bacteria (Mazodier 
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and Davies, 1991; Frost et al., 2005; Sorensen et al., 2005). In addition, conjugation may play a 
role in contributing for plasmid maintenance in the natural environments under non-selective 
conditions (Sorensen et al., 2005). In this study, donors of human and catfish isolates can transfer 
antibiotic resistance, class 1 integrons and plasmids to different genera and host sources implying 
the significant roles of this mechanism of HGT in the natural environments.  
 
Quinolones are now one of the largest classes of antimicrobials used worldwide and are first-line 
therapy for invasive diseases due to Salmonella, (WHO., 2009). Resistance to quinolones and 
fluoroquinolones has been progressively reported among human and food animal isolates which 
was associated with their widespread uses (Hooper, 2000; Cattoir and Nordmann, 2009). The two 
initial mechanisms of resistance to quinolones are related to mutations including accumulation of 
mutations in the two enzymes targeted by the drugs (DNA gyrase and DNA topoisomerase IV) 
and decrease intracellular uptake by mutations either in outer membrane leading to a decline in 
the number of porins or efflux pumps (Piddock, 1999; Hawkey, 2003; Mitscher, 2005; Van 
Bambeke et al., 2005). The possibilities of mutations, double or more, are very low (occurring at 
a frequency of 10-16 or less for double mutation of quinolones) (Zhao et al., 1997), therefore, the 
resistance of quinolones was unlikely to be rapidly developed (Robicsek et al., 2006a). However, 
the frequencies of quinolone resistance have been recently reported as increasing, therefore 
horizontal transfer by transferable elements (plasmid-mediated quinolone resistance, PMQR) 
could provide more explanations along with mutations (Strahilevitz et al., 2009). Perhaps, 
horizontally transferable elements could induce reduction in quinolone susceptibility, enough so 
that bacteria could survive in the presence of quinolones, subsequently, resistance mutations 
could then occurred rather than simultaneously (Strahilevitz et al., 2009). In this study, a total of 
15 isolates (34%) containing at least one of the two PMQR genes (qnrS or aac(6’)-Ib-cr) were 
detected. PMQR genes were observed in four (25%) of 16 human E. coli, eight (62%) of 13 
catfish E. coli, only one (11%) of nine catfish Pseudomonas spp. and two (33%) of six catfish 
Aeromonas spp. Interestingly, aac(6’)-Ib-cr genes were observed only in E. coli isolates (four 
human and four catfish isolates), and qnrS genes were only detected in catfish isolates (four E. 
coli, one Pseudomonas and two Aeromas spp. isolates). aac(6’)-Ib-cr genes were the most 
prevalent PMQR genes reported worldwide and frequently found in E. coli (Cattoir and 
Nordmann, 2009), similar to what were observed in this study. However, since qnrS genes were 
the only qnr genes detected, this implied qnrS as the most prevalence of this type of resistance 
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gene in Vietnam, although qnrB, qnrA were likely more prevalent among qnr genes worldwide. 
These results correspond to some studies on PMQR determinants in Vietnam of which qnrS 
genes were predominant (Poirel et al., 2006b; Le et al., 2009). The prevalence of PMQR genes 
was higher among catfish isolates (11 out of  28 isolates) than human isolates (four out of 16 
isolates) and this implies the possible reservoirs of PMQR determinants are from aquatic 
environments in Vietnam. The results of transformation and conjugation also confirmed that 
PMQR genes were transferable. This study was the first report of the occurrence and 
transferability of PMQR genes in catfish and human commensal microflora as well as the 
possible reservoirs of PMQR determinants of aquatic environments in Vietnam. 
 
In summary, class 1 integrons can carry different antibiotic resistance genes (Chapter 4 – Section 
4.3.3, Chapter5 – Section 5.3.7), and then integrons themselves are assembled in plasmids 
(mostly large plasmids). In addition, large plasmids are transferred to different genera of different 
host sources and the resistance phenotypes are expressed in different recipients (the results of 
transformation and conjugation in Chapter 4 – Section 4.3.7, 4.3.8, Chapter 5 – Section 5.3.9, 
5.3.10). Moreover, quinolone resistance mediated to plasmids was observed in catfish and human 
isolates (Chapter 6 – Section 6.3.1) and PMQR determinants were transferable (Chapter 6 – 
Section 6.3.2). This study provided evidence for better understanding of molecular 
characterisation of antibiotic resistance and their dissemination in commensal bacteria of catfish 
and human isolates in Vietnam.  
 
In addition, the intensive use of antibiotics may result with the emergence of resistance of 
pathogens (Andersson and Hughes, 2010). Will resistance be reduced if the use of antibiotic is 
declined? Most of antibiotic resistance, whether caused by target alteration or by other 
mechanisms, are associated with a fitness cost that is observed as reduction in bacterial growth 
rate, virulence or transmission (Andersson, 2006; Andersson and Hughes, 2010). Therefore, if the 
selection pressure is decreased, susceptible bacteria are expected to overcome resistant ones 
resulting in the restoration of susceptibility or resistant bacteria lose their resistance. Some 
studies also observed the reduction in resistance frequencies as a consequence of the decline in 
antibiotics consumption in both human and veterinary medicines (Nowak, 1994; Seppälä et al., 
1997; Austin et al., 1999; Aarestrup et al., 2001; Livermore, 2004; Guillemot et al., 2005). These 
authors also found that the time for emergence of resistance under a constant selective pressure 
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was much shorter than the decay time after decline in the volume of drug use (Austin et al., 
1999). Thus, to significantly reduce the resistance, significant decline in drug consumption is 
required. Although several correlated reductions in resistance rates and drug use can be observed, 
it is such a long way to conclude that resistance will reduce with the prudent applications of old 
drugs. The reasons for successful reversion of resistance, when it occurs, are still difficult to 
determine (Heinemann et al., 2000). On the contrary, several other studies reported the 
persistence of antibiotic resistance in the reduction of antibiotic consumption (Manninen et al., 
1997; Chiew et al., 1998; Enne et al., 2001; Livermore, 2004). The maintenance of antibiotic 
resistance in the absence of selective pressure possible due to no evolutionary disadvantage in 
being resistant when adaptation has occurred (Gillespie, 2001). Resistances in the absence of 
antibiotic selective pressure are the results of some processes including (i) compensatory 
evolution or fitness compensatory mutations where the fitness cost of resistance is reduced by 
additional mutation without loss of resistance, (ii) the cost-free resistance and (iii) co-selection 
between the resistance-conferring gene and other selected markers (Andersson, 2006; Andersson 
and Hughes, 2010). In this study, the co-selection between resistance to CHL and resistance to 
antibiotic widely used in aquaculture such as STR was possibly an illustrated example for the 
maintenance of resistance to the antibiotic that has been banned for use in aquaculture in Vietnam 
since 2005.  
 
The results obtained in this study supported numerous studies worldwide that antibiotic resistance 
is a major factor in disease management (Davies and Davies, 2010). What methodologies can be 
taken to prevent, minimise or at least delay this phenomenon? Many experts from international 
health organizations have been proposed for policies and guidelines of strict controls on 
antibiotic uses in human therapies as well as in animal husbandry and aquaculture treatments 
(Davies and Davies, 2010). Guidelines of using antibiotics for human therapies may include 
accurate prescriptions such as no offering antibiotics for viral infections; discouragement of 
inappropriate usage for instance over-long or unnecessary prophylaxis;  enforcement of 
antimicrobial prescription-only regulations (Livermore, 2005; Okeke et al., 2005a; Davies and 
Davies, 2010). In addition, antibiotic combination, better for antimicrobials of different modes of 
action, is recommended due to possible prevention of the selection of resistance or mutants but 
supporting synergistic activity (Livermore, 2005; Davies and Davies, 2010). However, there are 
still debates or uncertainties on the combination use of antibiotics and this needs further studies, 
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for instance pharmacodynamic properties, before standardising this application. Nevertheless, the 
idea of diverse usage rather than antibiotic cycling is worth considering (Livermore, 2005). This 
strategy prevents the establishment of a stable resistant microflora by diluting selection pressure 
and militating the accumulation of particular resistance types. However, a risk of the emergence 
of multiple resistant flora may be posed. On the other hand, antibiotic treatments in animal 
husbandry and aquaculture are of great concerns on controlling therapeutic or banning non-
therapeutic uses (Davies and Davies, 2010; Marshall and Levy, 2011).  
 
The future directions to mitigate against antibiotic resistance issues must involve the 
development of novel antibiotics. Many uninvestigated antibiotic targets still existed in bacteria 
or pathogens (Davies and Davies, 2010). New antibiotics either (i) natural products with which 
the search in underexplored ecological sources and/or bacterial taxa or rediscoveries of even 
well-studied bacteria were promised or (ii) synthetic products based on the search for novel 
targets from the screening of external libraries and whole cell in addition to synthetic compound 
libraries (Fischbach and Walsh, 2009). 
 
Unfortunately, for the past five decades, there has been a decline in the development of novel 
antibiotics, but a marked increase in resistance to those currently available ones (Li et al., 2006; 
Davies and Davies, 2010). The discovery of new antibiotics is unable to keep pace with the 
evolution of antibiotic resistance, and thus new strategies to combat bacterial infections are 
required, possibly focus on nonessential processes so that possibly less susceptible to the 
evolution of resistance, may be required (Smith and Romesberg, 2007). One promising strategy is 
to disarm bacteria by obstructing their virulence factors and therefore allow the host immune 
system to react to the infections. A second strategy is to directly inhibit the processes that cause 
failure of antibiotics including (i) inhibit induced mutation, (ii) inhibit HGT, (iii) inhibit bacterial 
tolerance (Smith and Romesberg, 2007). In addition, limited therapeutic options against 
multidrug resistant pathogens have forced physicians or microbiologist to reappraise the clinical 
applications of  the ‘old’ antibacterial agents such as colistin or aminoglycosides (Li et al., 2006; 
Durante-Mangoni et al., 2009).  
 
Other promising future directions may be base on the fitness cost settings. It is obviously 
beneficial in reducing antibiotic resistance development if choosing the antibiotic targets for 
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which the mechanisms of resistance confer high fitness cost (Andersson and Hughes, 2010). The 
designs of new antibiotics which depended upon the high fitness cost targets are certainly 
noteworthy. In addition, study on fitness cost and compensatory evolution, especially their 
impact on the emergence of resistance may help to prevent resistance evolution. 
 
Finally, vaccines or antimicrobial peptide development provide potentially valuable tools for 
intervention of antibiotic resistance (Furuya and Lowy, 2006; Melo et al., 2009). Although the 
numbers of vaccine applications are limited, such as pneumococcal conjugate vaccine, and it 
might be too early to conclude on the effectiveness of vaccine to antibiotic resistance, vaccine 
development is still considered as a powerful and promising modality (Furuya and Lowy, 2006). 
In addition, antimicrobial peptides (AMPes) represent the effective defensive arsenals that 
confound the development of resistance (Zasloff, 2002). AMPes have targeted fundamental 
features of bacterial cells to disrupt membrane integrity, therefore the resistance is much less to 
evolve (Perron et al., 2006). Several bilayer interaction and disruption models have been 
proposed for AMPe modes of action due to uncertainties whether the primary target of AMPe is 
the cell membrane or cytoplasmic invasion and disruption of core metabolic functions (Melo et 
al., 2009). It seemed likely that bacteria may find it harder to circumvent the action of AMPs and 
thus, resistant development is rarely evolved. In addition, AMPes are widely distributed 
throughout the animal and plant kingdoms (Zasloff, 2002). These admirable properties urge the 
need for further studies on AMPes as promising alternatives to conventional antibiotics. 
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APPENDIX 
Table A.1. Catfish E. coli isolates used in this study 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
1 (Ben Tre) 1C8 R R S S R I S S S S I S S S 
  1C9 R R R S R R R R R R R S S S 
2 (Dong Thap) 2C16 R R S I R I S S I R R S R S 
3 (Can Tho) 3C14 R R S S R I S S S R I S I S 
  3C15 R R S I I S S S I R S S I S 
  3C16 I I S I S S S S S S S S S S 
  3C18 I S S S S S S S S S S S S S 
  3C21 R R S I R S S S I R S S R S 
  3C22 R R S S R S S S I R S S R S 
  3C23 R R R S R R R R R R R S R S 
  3C24 R R S S R I S S I R S S R S 
4 (Dong Thap) 4C13 S S S S R R R S S S S R S S 
  4C14 S S S S S S S S S S S S S S 
  4C22 S S S I R R S S S S S S S S 
6 (Dong Thap) 6C31 R R S R R R R R R R R S R R 
  6C32 S S S S S S S S S S S S S S 
  6C36 R R S R R R S S I R R S I R 
  6C39 R R S I R R R R R R R S S R 
  6C42 I I S I R I S S S S S S S S 
  6C43 I I S S R I S S I S R R S S 
  6C46 R S S I R R I S R S S S S S 
  6C48 R R S S R I S S I R S S R S 
  6C49 R R S I S S S S R R R S R R 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.1. Catfish E. coli isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
7 (Vinh Long) 7C1 R R S I R R I S R R R S R S 
  7C2 R R S I R R S S R R R S I S 
  7C3 R R S I R R S S R R R S R R 
  7C4 R R S I R R S S I R R S S S 
  7C5 S S S S S R S I R R S S S S 
  7C6 S S S I S S S S R S S S S S 
  7C7 R R S R I I S S I R R S R S 
  7C8 I S S S I S S S R S S S S S 
  7C9 S S S R R R S S S S S S S S 
  7C10 I I S I R I I S I S R S S S 
  7C13 R R S R I I I S R R S S R S 
  7C14 R R S R I I S S R R R S I S 
  7C15 I I S I R I S S I R I S R S 
  7C16 I I S I S S S S I S S S R S 
  7C17 R R S I I S S R R R S S R S 
  7C18 R I S S S S S S R S S S S S 
  7C19 R S I I R R S S R R I S R S 
  7C20 S S S I S S S S R S S S S S 
  7C21 I S S I S S S S R R S S I S 
  7C22 I S S S S S S S R S S S S S 
  7C23 R R S S R R R R R R R S R S 
  7C24 R R S I R I S S R R S S S S 
  7C25 R R S I R I I S R R S S R S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.1. Catfish E. coli isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
7 (Vinh Long) 7C26 R S S S S S S S R S S S S S 
  7C27 R R S S R I S S I R S S R S 
  7C28 I S S I S S S S R S S S S S 
  7C29 I S S I S S S S R S S S S S 
  7C30 I I S I R I S S S S I S I S 
  7C31 R R S I R R R R R R R S R S 
  7C32 R R S I S S S S I R S S R I 
  7C33 R R S I R R S S I R R S S S 
  7C34 R R S S R R S S R R I S S S 
  7C35 R R S I R R R R R R R S S S 
  7C36 I I S I S I S S R R I S S S 
  7C37 R R S I R R I S R R I S R S 
  7C39 R R S I R R I S R R R S S S 
  7C40 S S S I S S S S R S S S S S 
8 (Vinh Long) 8C2 R R S S S S S S S R I S R S 
  8C3 R R S I R S S R S R R S S S 
  8C9 R R S I R R S S S I I S S S 
  8C10 R R S I R I I S S R S S R S 
  8C11 R R S S R R I S I R S S R S 
  8C13 R R S I R R R I I R R S R S 
  8C18 I S S R R R S S S S S S R S 
  8C19 R R S I R R I S R R R S R S 
  8C24 R R S S S S S S S I R S I S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.1. Catfish E. coli isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
8 (Vinh Long) 8C25 R R S I R I S S I R R S R S 
  8C27 S S S I S S S S S S S S S S 
  8C31 I S S S S S S S S S S S S S 
  8C32 R R S I S S S S S I I S I S 
  8C35 I I S S S R S S S S S S R S 
  8C36 R R S I S S S S S I R S I S 
9 (Ben Tre) 9C1 R R S I S S S S I S S S S S 
  9C2 I I S S S S S S I R S S R S 
  9C3 S I S S S S S S R R S S R S 
  9C4 R R S I R R S S I R R S S S 
  9C5 I I S I S S S S S S S R S S 
  9C6 R R R I S S I S R R R S R R 
  9C7 I I S S S S S S R S S S S S 
  9C8 S S S S S S S S I R S S R S 
9C9 S S S S S S S S I R S S R S 
  9C10 I I S S S S S S S R S S R S 
  9C12 I S S S S S S S I R S S R S 
  9C15 I I S I R R S S R R S S S S 
  9C16 I I S I S I S S S S S S S S 
  9C17 R R S S R R S S R R I S S S 
  9C18 R R S I S S S S S S S S S S 
  9C19 R R S S S R S S I R S S S S 
  9C20 R R S I R S S S I R R S R S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.1. Catfish E. coli isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
9 (Ben Tre) 9C22 I R S S S S I S I R S S R S 
  9C23 R R S I S I S S I R R S R S 
  9C24 R R S S R R S S R R R S R S 
  9C25 R R R I S S I S R S S S R R 
  9C26 R R S I R S S S S R R S R S 
  9C28 R R S S R R S S R R R S R S 
9C29 R R S R R R S S R R R S R S 
  9C30 I S S I S S S S S S S S S S 
  9C31 I I S I S S S S S S S S S S 
  9C32 I I S S S I S S R R S S R S 
  9C33 R R S I R R I S R S S S R I 
  9C34 R I S I S S I S S S S S S S 
  9C35 R I S I S S I S S S S S S S 
  9C36 I I S I S S S S S I S S I S 
9C37 I S I I S S S S S S S S S S 
  9C38 R I R R R R S S R R R S I R 
  9C39 R R S I R R S S R S S S R S 
  9C40 I I S S S S S S S S S S S S 
  9C41 R R R S R R S S S R R S I S 
  9C42 R I S S S S I S S S S S S S 
  9C43 I I S S S S S S I R S S R S 
  9C44 I S S S S I S S R R S S R S 
  9C45 R I I R R I S S R R I S S R 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.1. Catfish E. coli isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
9 (Ben Tre) 9C46 R R S I R R S S S R R S R S 
10 (An Giang) 10C1 R R S I R R R R R R S S R R 
10C4 R R S S R R I S I R S S R S 
10C8 R R S R R R S S I R R S I R 
10C12 S S S I S S S S S R S S S S 
10C15 R R S I R I S S S I S S R S 
10C20 R R S I R R S S I R S S R S 
10C28 R R S R R R S S I R R S R R 
10C30 R R S I R R S I S R S S R S 
10C40 R R S S R R I S I R S S R S 
11 (An Giang) 11C2 R R S I R R S S I R S S R S 
11C20 R R S R R R R I R R I S R R 
11C24 R R R I R R S S I R S S R S 
11C28 R R S S R R R R R R R S R I 
11C31 R R R I R I S S R S S S S S 
11C36 R R S I R R S S I R S S R S 
11C40 R R S I R R S S S R S S R S 
12 (Can Tho) 12C1 R R S S R R R R R R R S R S 
12C4 R R S I R R S S I I I S R S 
12C10 R R S R R R R R R R R S R R 
12C12 I S S S S S S S S S S S S S 
12C15 S I S S S S S S S S S S S I 
12C20 R R S R R R I I R R I S R R 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.1. Catfish E. coli isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
12 (Can Tho) 12C23 R R S R R R R R R R R S R R 
12C27 R R S R R R R R R R R S R R 
12C31 R R S S R R R I R R R S R S 
12C36 I S S S R R S R R R R S R R 
12C39 R R S R R R R R R R R S R R 
13 (Can Tho) 13C1 R R S S R R S S I R R S R S 
13C2 I I S I R R S S I R R S S S 
13C3 S S S I R R S S R S S S S S 
13C5 S S S I S R S S S S S S S S 
13C20 R R S I R R S S S R S S R S 
14 (Vinh Long) 14C5 R I S I S S S S S S S S I S 
14C8 S S S S S S S S S S S S S S 
14C12 R R R S S R S S R R R S R S 
14C17 R R R R R R R I R R R S R R 
14C19 R R S R R R S S I R R S R R 
14C21 R R S I S S S S R R I R S R 
14C27 S S S S R R S S S R I S S S 
14C35 I S S I R R S S S S S S S S 
14C40 S S S I S S S S S S S S S S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.2. Catfish Pseudomonas isolates used in this study 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
2 (DongThap) 2B1 R R S I S S S S S I R R S S 
3 (Can Tho) 3C6 R R S S S I S S R R R R S S 
  3C7 R R S I S I S S S S R S S S 
  3C11 R I S S S S S S R R R R S S 
  3C38 R R S S S S S S R R R R S S 
  3C41 R R S S S S S S R R I R S S 
  3C42 R R S I I I S S R R R R I S 
  3C43 R R S S R R S S R R I R S S 
  3C44 R R R S S S S S R R R R S S 
  3C46 R R S I S S I S R R R R I S 
  3C47 R R S S I S S S R R R R S S 
  3C48 R R S S S I S S R R R R I S 
4 (Dong Thap) 4C66 R R S I S S S S R R R R I S 
  4C67 R R S S S S S S R R R R I S 
  4C68 R R S S S S S S R R R R I S 
  4C69 R R S I S I S S R R R R I S 
  4C70 R R S S S S S S R R R R I S 
  4C72 R R S S S S S S R R R R S S 
  4C73 R R S S S I S S R R R R S S 
  4C74 R R S S S S S S R R R R S S 
  4C75 R R S S S S S S R R R R S S 
  4C77 R R S S S S S S R R R R R S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.2. Catfish Pseudomonas isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
4 (Dong Thap) 4C78 R R S S S S S S R R R R S S 
4C79 R R S S S S S S R R R R S S 
4C81 R R S S S S S S R R R R S S 
4C82 R R S S S S S S R R R R R S 
4C83 R R S S S S S S R R I R S S 
4C84 R R S S S S S S R R I R S S 
4C85 R R S S S S S S R R R R S S 
4C86 R R S S S S I S R R R R S S 
4C87 R R S S S S S S R R R R S S 
4C89 R R S S S S S S R R R R S S 
4C90 R R S S S S S S R R R R S S 
4C91 R R S S S S S S R R R R S S 
4C95 R R S I S S S S R R R R S S 
4C96 R R S S S S S S R R R R S S 
4C97 R R S I S I S S R R R R S S 
4C98 R R S S R R S S R R R R R S 
4C100 R R S S S S S S R R R R S S 
5 (An Giang) 5C19 R R R I R R R R R R R R R R 
5C20 R R R I R R R R R R R R R R 
5C21 R R R I R R R R R R R R R R 
5C22 R R R I R R R R R R R R R R 
5C23 R R S S R R R R R R R R R S 
5C24 R R R S R R R R R R R R R R 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.2. Catfish Pseudomonas isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
5 (An Giang) 5C25 R R R S R R R R R R R R R R 
6 (Dong Thap) 6C53 R R S I S S I S R R S S I R 
9 (Ben Tre) 9C47 R R S S S S S S R R R R I S 
9C48 R R S S R R S S I R S S I S 
9C49 R R S I I S S S R R R R I S 
9C51 R R S S S S S S R R R R I S 
9C52 R R S S I I S S R R R R S S 
9C53 R R S S S R S S R R R R R S 
9C54 R R S S R R S S R R R R R S 
9C56 R R S S I I I S R R R R I S 
9C58 R R S S I I I S R R R R S S 
9C60 R R S S S S S S R R R R S S 
9C61 R R S I R R I S R R R R R S 
9C64 R R S I S S R R R R R R I S 
9C65 S S S S S S S S S S S S S S 
9C66 R R S S I S S S R R R R S S 
9C67 R R S S R R S S R R R R R S 
9C71 R R S S R R S S R R R R R S 
9C72 R R S S R R S S R R R S S S 
9C74 R R S S S S S S R R R R S I 
9C75 R R S S R R S S R R R S R S 
9C76 R R S S I I S S R R R R S S 
9C78 R R S S R R S S R R R R R S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.2. Catfish Pseudomonas isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
9 (Ben Tre) 9C85 R R S S S S S S R R R R I S 
9C86 R R S I S S S S R R R R I S 
10 (An Giang) 10C81 R R S S S S S S R R R R S S 
10C82 R R S S S I S S R R R R S S 
10C83 R R S R R R S R R R R R S R 
10C84 R R S R R R S S R R R R S R 
10C87 R R S I S S S S R R R R I S 
10C88 R R S S R R I S R R R R R R 
10C96 R R S S S S R R R R R R I S 
10C97 R R S S R R S S R R R R R S 
10C98 R R S S S S S S R R R R S S 
10C99 R R S I R I I S R R R R S R 
10C100 R R S S S S S S R R R R S S 
11 (An Giang) 11C121 R R S S S S S S R R R R S S 
11C123 R R R S R R S S R R R R R I 
11C127 R R R S R R S S R R R R R I 
11C130 R I S I S S S S R R R R S S 
11C132 R R R I R I S S R R R R I I 
11C134 R R R S R R S S R R R R R R 
11C139 R R R S R R S S I S R S I I 
11C143 R R R S R I S S R R R R I S 
11C147 R R R I R R I S R R R R R I 
11C150 R R R S R R S S I S I S I S 
 11C247 R R S I S I S S R R I R I S 
R: Resistant      I: Intermediate     S: Sensitive   
 
 
 
329 
 
Table A.2. Catfish Pseudomonas isolates used in this study (con’t) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
11 (An Giang) 11C249 R R I I S S I I I R S S R R 
  11C287 R R S I R I I S R R S S R R 
12 (Can Tho) 12C255 R R S I I S S S R R R R R S 
12C258 R R S S S I S S R R R R R S 
12C259 R R S S S I S S R R R R R S 
12C260 R R S S I S S S R R R R R S 
12C269 R R S S S S S S R R R R S S 
12C270 R R S S S I S S R R R R I S 
13 (Can Tho) 13C41 R R R R R R S S R R R S R S 
13C27 R R S I R S S S S R R R I S 
14 (Vinh Long) 14C51 R R R I R S S S R R R R S S 
14C52 R R R S S S S S S S R R S S 
14C67 R R S S I S S S R R R R S S 
14C69 R R R I R S I S R R R R S S 
15 (An Giang) 15C7 R R S S S S S S R R R R R S 
15C8 R R S S S S S S R R R R S S 
15C16 R R S S S S S S R R R R I S 
15C20 R R S I S S R R R R R R S S 
15C29 R R S S S I S S R R R R S S 
15C30 R R S S S S S S R R R R R S 
15C31 R R S S S S S S R R R R S S 
15C32 R R S I S I S S S I I R S S 
15C33 R R S I I I S S I I I R S S 
15C9 R R S I S I S S R R R R S S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.3. Catfish Aeromonas isolates used in this study 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
6 (Dong Thap) 6C60 R R I S I S S S R R R R R R 
7 (Vinh Long) 7C44 R R S I R R S S I R R S R S 
  7C96 I S S S S S S S R S S S S S 
  7C97 R R S I R I I S R R R S S S 
  7C99 I S S I S S S S R S S S S S 
  7C100 R R S S R I S S R R R S R S 
  7C153 I I S I S S S S R S S S S S 
  7C154 R R S I R R S S R R R R R S 
8 (Vinh Long) 8C91 S S S S S S S S S S S S S S 
9 (Ben Tre) 9C89 R R S I S I S S I S S S I I 
  9C90 R R S I S I S S I S S S I S 
  9C91 R R S S R R S S I R R S R S 
  9C92 R R S I S S S S S S S S I S 
  9C100 R R S I S I S S S S S S R S 
  9C107 R R S S S S S S S S S S I S 
  9C108 R R S I S I S S I S S S S S 
  9C109 R R S I S I S S I S S S I S 
  9C110 R R S S S S S S S S S S I S 
10 (An Giang) 10C72 R R R R R R R I R R R R R I 
  10C77 R R S R R S S S S R I S S R 
  10C85 R R S I S S S S S S S S S S 
  10C86 R R I R R R S S R R R S R S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.3. Catfish Aeromonas isolates used in this study (cont) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
11 (An Giang) 11C151 R R R S R R I S I R R S I I 
  11C152 R R S I S S S S R R R R R I 
  11C154 R R R I R S S S R R R S R R 
12 (Can Tho) 12C100 R R S I I I S S S S S S S S 
  12C105 R R S S S S S S R R R R S I 
  12C106 R R S S I S S S S R R R S S 
  12C108 R R S S R S S S S R R R S S 
  12C109 R R S S R I S S R R R R R S 
13 (Can Tho) 13C21 R R S S S S S S S R R S S S 
  13C22 R I S S S S S S S I S S S S 
  13C23 S S S I S I R R R R R S R S 
  13C24 R R R R R R R R R R R R R R 
  13C26 S S S S S I S S S S S S S S 
  13C33 R R S S S S S S R R R S S S 
14 (Vinh Long) 14C42 R R S I S S S S R R S S S S 
  14C45 R R S I S S S S S I S S S S 
  14C50 R I S I S S S S S I S S S I 
  14C53 R R S I S S I S R I S S I S 
  14C55 R R S S S S S S S R I R S S 
  14C60 R R S S R I S S I R S S S S 
  14C65 R R S I I S S S S S S S S S 
  14C72 R R S I S S S S S I S S S S 
  14C74 R R S I S S S S S I S S S I 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.3. Catfish Aeromonas isolates used in this study (cont) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
14 (Vinh Long) 14C80 R R S I S S S S S I S S S S 
  14C83 R R S I S S S S R I S S I S 
  14C87 R R S I S S S S R S S S I S 
  14C90 R R S I S S S S S I S S S S 
  14C95 R R S S R I S S I R S S R S 
  14C101 R R S S I S I S R R S S R S 
  14C105 R R S S S S S S S I S S S S 
  14C110 R R S S S S S S S I S S S S 
  14C113 R R S I S S I S R R S S R S 
  14C117 R R S S I S S S R R R R S S 
  14C125 R R S S R R I I I R R I I R 
  14C130 R R S S I I S S R R S S S S 
  14C133 R I S I S S S S S R S S I I 
  14C140 R R S I I S S S S R S S R I 
  14C147 R R S R I S S S S R R S R I 
15 (An Giang) M 14-7 R R R I R R R I R R R R R R 
  R 5-4 R R S S R R S S R R I S R S 
  R 4-6 R R S S I I S S R R R R S S 
  R 1-3 R R R S R I S S I R R S I I 
  T 5 R R S I I S S S R R R I S S 
  T 6-8 R R S S R I R I R R I I I S 
  41 R R S S R R I I R R S S R I 
  39 R R S S R S I S R R S R R I 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.3. Catfish Aeromonas isolates used in this study (cont) 
 
Farm Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT STR KAN
15 (An Giang) H1 R R I I R S I R I R I S I I 
  77 R R S S I S S S R R I R R I 
  36 R R S I R R I I R R S R I R 
  42 R R S S S S S S S S S S S S 
  38 R R S S R I I S R R S S S I 
  22 R R S I I S S R R R R R I I 
  37 R R S I R I I I R I I R I I 
  H2 R R S I R I S S R R I S I I 
  54 R R S S R I S S R R S S R S 
  52 R R S I I S I I R R S S I R 
  40 R R S S R I S S R R R R I S 
  51 R R S I R S I I R R S S S R 
  35 R R S I I I I I R R I R I R 
  R4 R R S S S S I S S S S S R I 
  H3 R R S I S S S S R I S S R S 
12 R R S S S S S S S S S S S S 
  R5-15 R R S S S S I S I R S R S S 
  19 R R S I S S I I R R S S R I 
  R5-14 R R S I S S R I R R S S R I 
  78 R R S I R R I S R R I R R R 
  34 R R S S I S S S R S S S S I 
  43 R R S S S S S S S S S S S S 
  55 R R S I R R R S R R R R I S 
21 R R S S S S S S S I S S S S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.4. Human E. coli isolates used in this study 
 
Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT COL STR KAN
2096/9 R R S I R R S S S R S S S R S 
256/10 R R S I R S S S S R S S S R S 
851/11 S S S S S S S S S S S S S I S 
255/9 R R I I R I R R R R R S S R I 
316/11 R R S I R S S S S R S S S S S 
215/10 R R S S R S S S I R S S S R S 
1242/12 R R S S R I S S S R S S I S S 
1531/9 S S S I S S S S S S S S S S S 
52/10 R R S S R S S S I R S S S R S 
962/11 S S S S S S R R R R R S S I I 
1239/11 R R S I S S S S S S S S S S S 
2063/11 R R S S R R S S S R S S S R S 
1628/9 R R R S R R S S R R S S S R S 
149/9 R R R S R R S S I R S S S R S 
1922/11 R R S S R S S S S S S S S S S 
38/11 R R S S R I R R R R S S S R R 
2062/9 R R R I R R R R R R R S S R I 
228/12 R R S I R I R R R R S S S R S 
989/9 R R R S R I S S I R S S S R S 
896/10 R I S S S S S S S S S S R S S 
1274/11 R R S S S S S S S S S S S S S 
336/9 R R I S R I R R R R S S S R S 
454/10 S S S S S S S S S S S S S S S 
1153/9 R R S I S S S S I R R S S S S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.4. Human E. coli isolates used in this study (con’t) 
 
Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT COL STR KAN
215/9 R R S S R S R R R S S S S S I 
2132/12 R R S S R R R R R R R S S S S 
1501/12 S S S S R S S S S S S S I S S 
66/12 R R S S S S S S R R S R R I I 
2133/10 R R S S R S S S I S S S S S S 
1214/9 R R S S R R S S R R S S S S S 
2175/9 R R R S R S S S R R S S S I S 
2183/10 R R S S R R R R R R R S S S S 
54/10 R R R S R R R R R R S S I R I 
1225/10 S S S S S S S S I S S S S S S 
242/12 R R S S R R S S I R S S S R S 
156/9 R I S S I S S S S S S S R S S 
2065/10 R R R I R R R R R R S S S R S 
211/11 R R S S R S S S S R S S R S S 
1515/12 R R S S R S S S S R S S S R S 
2226/9 R R S S S S S S I R S S S R I 
1331/9 R R S S R S S S S I S S S S S 
1145/9 R R S R R S S S S R R S S S R 
1561/11 R R R R R I R R R R I S I R R 
1952/11 S S S S R S S S S R R S R S S 
1234/9 R R I I R R R R R R S S I R S 
1627/9 R R S S R S S S S S S S I S S 
1606/12 R R R S R R R R R R S S S R R 
1065/11 R R R I R R S S R R S S S R S 
R: Resistant      I: Intermediate     S: Sensitive   
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Table A.4. Human E. coli isolates used in this study (con’t) 
 
Bacteria AMP AMO GEN NEO TET DOX CIP NOR NAL SXT CHL NIT COL STR KAN
72/11 R R S I S S S S S S S S S S S 
315/12 S S S I R S S S S S S S R S S 
945/11 S S S S R S S S S S S S S S S 
940/11 R R S S S S S S S S S S S I S 
2077/11 R R S I R S S S S R S S I R S 
1118/9 R R R S R I R R R R R S S R I 
863/11 S S S S R S S S S S S S S S S 
148/9 R R S I S S S S S S S S I R S 
YD1 R R S R R R S S S S S S I R R 
YD2 R R S I S S S S R S S S S S S 
5TD11 S S S S S S S S S S S S S S S 
4TD5 S S S I R S S S S R S S S S S 
5TD8 I I S I R S S S S S S S R S S 
4TD2 R R S I R S S S S R R S R S S 
5TD7 R R S S R R S S I R S S I S S 
5TD10 S S S S S S S S S S S S S S S 
2TD2 R R S S R I S S S R R S S S S 
1TD1 R R S S R I S S I R I S S I S 
5TD2 R R S I R S R R R R S S I R S 
4TD3 S S S S S S S S S S S S S S S 
4TD1 S S S I S S S S S S S S S S S 
3TD2 S S S S S S S S S S S S I S S 
2TD5 R R S S R S S S S R R S S S S 
2TD12 R R S I R S S S S R R S S S S 
R: Resistant      I: Intermediate     S: Sensitive   
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Figure 1. Compare forward sequencing of 1.9 kb cassette amplicons of 10C77 and 2063/11  
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Figure 2.  Compare reverse sequencing of 1.9 kb cassette amplicons of 10C77 and 2063/11  
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Figure 3. Site(s) recognised by HindIII restriction enzyme in reverse sequencing of 1.9 kb – 10C77 and 2063/11 
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Figure 4. Fragment sizes and recognition sites of reverse sequencing of 1.9 kb – 10C77 and 2063/11  
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Figure 5. Compare recognition sites and gel view of fragment of 10C77 and 2063/11 
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Table A.5. Plasmid content of catfish E. coli isolates 
plasmid sizes (kb) 
ID <8 8-38 38-55 55-95 95-120 120-165 >165 
1C8         x     
1C9   x     x     
2C16 x   x x     
3C18               
3C21         x     
3C23   x     x     
3C24         x     
4C13   x           
4C14               
6C31   x     x     
6C32               
6C36         x     
6C39           x   
7C1         x     
7C2               
7C7       x       
7C14           x   
7C20               
7C37       x x x   
7C39           x   
8C11               
8C13         x     
8C19         x     
8C27               
9C25       x x     
9C33         x     
9C38         x x   
9C40               
9C46       x       
10C1         x x   
10C8         x x   
10C40       x       
11C20       x       
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Table A.5. Plasmid content of catfish E. coli isolates (con’t) 
Plasmid sizes (kb) 
ID <8 8-38 38-55  55-95 95-120  120-165 >165 
11C28 x       x x   
12C1         x     
12C12               
12C23               
12C27               
12C39               
13C1       x       
13C5         x     
13C20       x       
14C27 x     x       
14C40               
3C14         x     
3C22         x     
6C48         x     
6C49             x 
7C3               
7C4         x     
7C24               
7C25         x     
7C33       x     x 
7C34             x 
8C2       x     x 
8C10               
9C20               
9C23       x       
9C29     x x x     
10C4         x     
11C36 x       x x   
11C40         x     
12C10       x x x   
12C20         x     
12C31 x       x x   
13C2       x x x   
Total 5 4 1 16 33 12 4
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Table A.6. Plasmid content of catfish Pseudomonas spp. isolates 
 
Plasmid sizes (kb) 
ID <8 8-38 38-55 55-95 95-120  120-165 >165 
2B1               
3C6               
3C42             
3C43               
3C46               
3C48       x       
4C66               
4C69               
4C77               
4C82   x     x     
4C86               
4C95   x     x     
4C98               
5C19               
5C20               
5C21               
5C22               
5C23               
5C24               
5C25               
6C53               
9C47               
9C48               
9C49               
9C53         x     
9C54               
9C56               
9C58               
9C61               
9C64               
9C67               
9C71               
9C72   x           
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Table A.6. Plasmid content of catfish Pseudomonas spp. isolate (con’t) 
 
plasmid sizes (kb) 
ID <8 8-38 38-55  55-95 95-120 120-165 >165 
9C76               
9C78   x           
9C86               
10C84     x         
10C87       x       
10C88               
10C96     x         
10C97     x         
10C99               
11C121   x   x       
11C123         x     
11C130               
11C132         x     
11C143         x     
11C147         x     
11C247               
11C249   x x x       
11C287   x x   x     
12C258               
12C259               
12C260               
12C269               
12C270               
13C41               
13C27               
14C51               
14C52               
14C67               
14C69               
15C7               
15C16               
15C20               
15C30               
Total 0 7 5 4 8 0 0
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Table A.7. Plasmid content of catfish Aeromonas spp. isolates 
 
Plasmid sizes (kb) 
ID <8 8-38 38-55  55-95 95-120  120-165 >165 
6C60   x     x     
7C44           x   
7C97         x   
7C100               
7C154               
9C91         x x   
9C100               
10C72         x x   
10C77         x     
10C86   x           
11C151         x     
11C152         x x   
11C154               
12C105   x     x     
12C106               
12C109   x     x     
13C21               
13C23               
13C24               
13C33               
14C42               
14C55 x             
14C60   x   x       
14C95       x       
14C113               
14C125   x   x       
14C130               
14C133               
14C140         x     
14C147         x     
M 14-7               
R 5-4       x       
R 4-6               
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Table A.7. Catfish Aeromonas plasmids (con’t) 
 
Plasmid sizes (kb) 
ID <8 8-38 38-55  55-95 95-120  120-165 >165 
T 5               
15C41               
15C39               
H1               
15C36               
15C38               
15C22               
15C37               
H2               
15C54               
15C52               
15C51               
15C35               
R4               
H3               
R5-15               
15C19               
R5-14   x   x       
15C78               
15C55               
 Total 1 7 0 5 10 5 0
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